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Abstract 
 
This dissertation focuses on three projects involving the development of harsh 
environment gas sensors. The first project discusses the development of a multipurpose 
oxygen sensor electrode for use in sealing with the common electrolyte yttria stabilized 
zirconia. The purpose of the sealing function is to produce an internal reference 
environment maintained by a metal/metal oxide mixture, a criteria for miniaturization of 
potentiometric oxygen sensing technology. This sensor measures a potential between the 
internal reference and a sensing environment. The second project discusses the 
miniaturization of an oxygen sensor and the fabrication of a more generalized 
electrochemical sensing platform. The third project discusses the discovery of a new 
mechanism in the electrochemical sensing of ammonia through molecular recognition 
and the utilization of a sensor taking advantage of the new mechanism.  
An initial study involving the development of a microwave synthesized 
La0.8Sr0.2Al0.9Mn0.1O3 sensor electrode material illustrates the ability of the material 
developed to meet ionic and electronic conducting requirements for effective and 
Nernstian oxygen sensing. In addition the material deforms plastically under hot isostatic 
pressing conditions in a similar temperature and pressure regime with yttria stabilized 
zirconia to produce a seal and survive temperatures up to 1350 
o
C. 
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In the second project we show novel methods to seal an oxygen environment inside a 
device cavity to produce an electrochemical sensor body using room temperature plasma-
activated bonding and low temperature and pressure assisted plasma-activated bonding 
with silicon bodies, both in a clean room environment. The evolution from isostatic hot 
pressing methods towards room temperature complementary metal oxide semiconductor 
(CMOS) compatible technologies using single crystal silicon substrates in the clean room 
allows the sealing of devices on a much larger scale. Through this evolution in bonding 
technology we move from performing non-scalable experiments to produce one sensor at 
a time to scalable experiments producing six. The bonding methods we use are 
compatible with wafer scale processing. Practically speaking this means that the oxygen 
sensor design is scalable to produce thousands of sensors from one single bond. Using 
this bonding technology we develop a generalized sensing platform that could be used for 
a variety of sensing applications, including oxygen sensing, but also potentially involving 
CO2 or NOx as well. Future efforts will involve completing of O2 sensor construction and 
adaption of the design for CO2 and NOx sensing. 
The final project focuses on a novel ammonia sensor and sensing mechanism in Ag 
loaded zeolite Y. The sensor resistance changes upon exposure to ammonia due to the 
molecular recognition of Ag
+
 and ammonia, producing Ag(NH3)x
+
 species. The sensing 
mechanism is a Grothuss like mechanism based on the hoping of Ag
+
 centers. The 
hopping frequency of Ag
+
 changes upon introduction of ammonia due to the reduced 
electrostatic interactions between Ag
+
 and the negatively charged zeolite framework upon 
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formation of Ag(NH3)x
+
. The change in hopping frequency results in a measurable 
change in impedance.  
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Chapter 1. Introduction 
 
This dissertation focuses on the development of harsh environment gas sensors. The 
first two projects are related to oxygen sensing. The first discusses one of the methods of 
producing an internal reference, a requirement for miniaturization, and a multipurpose 
electrode designed to aid in internal reference formation. The second project discusses 
the miniaturization of an oxygen sensor and the fabrication of a more generalized 
electrochemical sensing platform. The third project discusses the discovery of a new 
mechanism in the electrochemical sensing of ammonia through molecular recognition 
and the utilization of a sensor taking advantage of the new mechanism. A fourth project 
included in the appendices discusses the fabrication, characterization, and utilization of a 
selective NO/NO2 sensor.   
 
1.1. Electrochemical Sensing 
 
An electrochemical gas sensor is a combination of three systems that work together to 
determine the concentration or relative abundance of a particular analyte in a gaseous 
environment. There is a chemical element that experiences transient change in electronic 
character upon exposure to an analyte gas, a series of electronic circuits and logic to 
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measure changes in the electronic character of the element, and a packaging component 
that includes a probe, a support, and usually a heater. The chemical element is usually an 
electrolyte and two to four electrodes that when exposed to the gas change resistance, 
potential, current, capacitance, or impedance. The electrical element then reads and 
processes the change in electronic character and either sends the information to a 
feedback loop to be used automatically in a closed loop system, or the information can be 
displayed for a user to observe. The chemical element rests on a support that is 
chemically and electrically inert. The heater sits on the back side of the support to 
maintain the sensor at a constant or known temperature. The probe is the vessel that holds 
all other elements and is used to insert the sensor into the environment of interest. An 
example of a Bosch oxygen sensor adapted from Riegel
1
 of all of these components is 
shown in Figure 1.1a. These sensors have a pipe thread, labelled probe sheath in the 
figure, that allows them to be screwed into a pipe fitting hole in the wall of the engine. At 
a minimum, modern cars are required to have oxygen sensors before and after a three-
way catalyst, as indicated in Figure 1.1b. Other types of engines may have more oxygen 
sensors and in different locations.  
The characteristics of a good electrochemical gas sensor are sensitivity to the target 
analyte gas, selectivity against other gases that may be present during sensor operation, 
constant electrical baseline, long term chemical, thermal and mechanical stability, low 
dollar cost, and low power requirement.  
The types of electrochemical gas sensors studied in this dissertation were oxygen 
sensors and ammonia sensors, both of which are necessary for environmental monitoring, 
3 
 
 
 
chemical manufacturing, combustion control.
1–4
 Ammonia sensors are also used in 
disease diagnosis.
4
 The fabrication of low cost, smaller, and more versatile sensors 
lowers the cost of efficiency improvements and opens new doors on the frontier of gas 
sensing in mobile platforms. The aim of this work is to take a step towards the realization 
of more ubiquitous electrochemical sensors. 
 
1.2. Reference-free oxygen sensor electrode 
 
1.2.1. Oxygen sensors: background 
 
Ceramic oxygen sensors are the most ubiquitous electrochemical sensors, with 
hundreds of millions currently in use.
1–3
 The most common use of an oxygen sensor is as 
part of a feedback loop placed in the exhaust stream in a combustion control system. 
Oxygen sensors are required in cars, coal plants, jet engines, and other combustion 
sources to regulate the amount of air or oxygen that is mixed with fuel in the engine.  
The amount of oxygen in the combustion environment changes the distribution of 
combustion products. Actual ratios used for different systems vary by federal and state 
regulations, and the fuel sources used. Many engines mix an amount of oxygen that is 
approximately stoichiometric with the amount of fuel that needs to be burned. At this 
ratio, approximately 14.7 air to fuel by mass, usable power from the combustion is near 
its maximum and partially burnt hydrocarbons. Mixing less than this amount of oxygen 
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leads to higher power output and ‘rich’ burn, but larger amounts of hydrocarbons (HC) 
and CO. When a relative abundance of air is mixed with fuel then the engine is burning 
‘lean’ and fuel economy is maximized, but hazardous NOx compounds are produced in 
greater amounts. The emissions profiles of various different types of engines, such as 
diesel engines and spark ignited engines are shown in Table 1.1. Oxygen sensors are 
required to optimize conditions inside the engine so that emissions from the car are at the 
lower end of the range posted while providing adequate power. Catalysts that help 
maintain low levels of emissions also require precise oxygen concentration control in 
order to properly oxidize hydrocarbons and reduce NOx and SOx species. 
Minimizing the harmful emissions CO and HC on the low oxygen side, NOx on the 
high oxygen side, and maintaining an acceptable level of energy conversion efficiency is 
the main problem that oxygen sensors, with the aid of a catalyst and a feedback loop to 
the air and fuel injectors, solve in real time. Even after the combustion environment the 
air to fuel ratio is important. Catalysts that break down harmful emissions are designed to 
work at very particular air to fuel ratios. Figure 1.2 from the Moos
2
 shows that a three-
way catalyst can very effectively remove NOx, CO, and HC, however even very small 
deviations in oxygen concentration can cause the conversion efficiency of the catalyst to 
drop very quickly. The lambda type oxygen sensors before and after the catalyst are a 
specific type of potentiometric oxygen sensor connected to a feed-back loop to make sure 
that the appropriate amount of oxygen is included in the gas mixture. 
The mechanism by which an oxygen sensor measures the oxygen concentration in a 
gaseous environment varies by the type of oxygen sensor. The potentiometric oxygen 
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sensor discussed above is the most common type of oxygen sensor and the type discussed 
in Chapters 2 and 3 of this dissertation and will be discussed below. Many other types of 
oxygen sensors also exist including amperometric and semiconductor oxygen sensors 
occasionally used for high temperature applications, and optical oxygen sensors for 
biological and medical applications.
5
 Table 1.2 shows a brief history of the most popular 
oxygen sensing technologies for automobile oxygen sensors developed by Bosch, NGK, 
and Toyota-Denso since the first oxygen sensor was placed in a Volvo automobile in the 
1970’s.5 The technology developed in the 1990’s is still in use today.6 
The mechanism of potentiometric oxygen is the measurement of a potential between a 
reference and a sensing oxygen environment. The most common type of electrolyte used 
is Yttria Stabilized Zirconia (YSZ) because of its high ionic conductivity and stability. 
When Y
3+ 
is doped into the Zr
4+
 site (typical doping concentration is 6-12%) some 
oxygen vacancies are generated. These vacancies are mobile above 450 
o
C. Figure 1.3 
adapted from Ramamoorthy
5
 shows a typical oxygen sensor with a YSZ thimble shaped 
body that juts into the sensing environment. On the inside and outside of the thimble are 
the reference and sensing environments, respectively, where the internal reference 
environment is air brought in from outside the sensor. Also on the inside and outside of 
the thimble are porous platinum electrodes. In addition to performing the typical 
functions of electrodes, at the triple point boundary between Pt, YSZ, and air, molecular 
oxygen is reduced to ionic oxygen according to equation 1 using electrons from the 
electrode. Ionic oxygen can then occupy the vacancies in the YSZ lattice according to 
equation 2 and act as the mobile charge character is YSZ.
7,8
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𝑂2(𝑔𝑎𝑠) + 4𝑒(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)
− ↔ 2𝑂(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒)
2−       (1) 
1
2
𝑂2(𝑔𝑎𝑠) + 2𝑒(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)
− + 𝑉𝑂(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒)
2− ↔ 𝑂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
𝑋     (2) 
 
The difference in chemical potential between the electrodes in the reference and 
sensing environments in good ionic conductors like YSZ that experience no change in 
internal oxygen ion chemical potential is governed by the Nernst equation (3), where R is 
the ideal gas constant, T is temperature in Kelvin, n is the number of electrons involved 
in the reaction, and F is Faraday’s constant.5 
𝐸 =
𝑅𝑇
𝑛𝐹
ln⁡(
𝑝𝑂2(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
𝑝𝑂2(𝑠𝑒𝑛𝑠𝑖𝑛𝑔)
)        (3) 
Nernstian potentiometric oxygen sensors like the lambda sensor are convenient 
because at the stoichiometric ratio between air and fuel almost all of the oxygen is burned 
and very little slips past. The exhaust from this combustion reaction in this case is the 
sensing environment and air is the reference. In this logarithmic equation where 
pO2(reference) and pO2(sensing) are very different, the voltage will spike as the sensing 
environment oxygen concentration approaches zero, creating a ‘switch like’ mechanism 
that states whether the engine is operating slightly lean, oxygen slips through and voltage 
drops low, to slightly rich or stoichiometric, where almost all oxygen is consumed and 
the voltage jumps up to about 900 mV vs. air. By cycling between slightly lean and 
slightly rich the sensor can constantly make sure that the combustion environment is 
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operating near stoichiometric by observing the constant electrical switching, thereby 
ensuring that the combustion environment stays within desired air to fuel mixtures. 
 
1.2.2. Internally referenced oxygen sensors 
 
The current potentiometric oxygen sensing technology used commercially in many 
combustion systems has not changed considerably since the 70s and 80s. The design is 
still a tube of YSZ with Pt electrodes inside and outside with an air reference brought in 
from an exterior environment. However, despite this, the costs to make these sensors 
remain high. Oxygen sensors have not been miniaturized, and cannot be using the current 
model. This is because the air reference that is brought in from the outside requires a 
certain degree of plumbing or other inlet that limits the potential reduction in size due to 
miniaturization. In addition, the requirement of external air limits placement of the sensor 
in the combustion apparatus, engine, or boiler.
9
  
Any efforts to miniaturize the design of an oxygen sensor must remove the air 
reference brought in from the outside environment and replace it with an internal 
reference that does not require any plumbing. Our group has studied internally referenced 
oxygen sensors in the past such as the one shown in Figure 1.4.
9
 In this design the YSZ is 
replaced by Yttria Tetragonal Stabilized Polycrystals (YTZP), which is a form of YSZ 
with 3-5% yttria, which deforms more readily than cubic YSZ. Three separate bodies of 
YTZP are bonded to one another at high temperatures and pressures. These deformation 
bonds are labelled in Figure 1.4.  
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The Pd/PdO on the inside of the reference chamber is in equilibrium with O2 in the 
reference atmosphere and partially oxidized films of Pd/PdO mixture will adjust 
oxidation level according to the ΔG of the reaction at a particular temperature according 
to equation 4 where ‘R’ is the ideal gas constant, ‘T’ is temperature in Kelvin, ‘n’ is the 
number of electrons in the process, ‘F’ is the Faraday constant, and ‘a’ is the activity of 
oxygen in the sensing and reference environments.  
The values of Gibbs free energy of formation for PdO have been calculated in the 
literature, which will determine the oxygen concentration inside the cavity and at 
constant temperature oxygen concentration is set.
10
 The concentration of oxygen in the 
sensing atmosphere can be determined using equation 5 as long as the temperature is 
known. 
 
 E =
−𝑅𝑇
𝑛𝐹
ln⁡(
𝑎𝑠𝑒𝑛𝑠𝑖𝑛𝑔
𝑎𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
)               (4)  
 2Pd + O2  2PdO        (5) 
 
The remainder of the design is similar to a commercial sensor. Two Pt electrodes, one 
inside and one outside, measure a potential across a YSZ (YTZP) body. Where the Pt 
wire breaches the exteriror of the YTZP ceramic a glassy frit is deposited to prevent 
leakage. This seal is imperfect and is the basis for the research in Chapter 2. 
Other internally referenced sensors have also been fabricated, by Hu et al.,
11
 Kaneko,
12
 
van Setten,
13
 and Zhuiykov.
14
 Hu et al. produced a sensor with a single sealing layer, a 
metal/metal oxide mixture, and YSZ very similar to the design in our group by Spirig.
9
An 
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image of this sensor is shown in Figure 1.5. Kaneko produced a sensor very similar to our 
own with 4 glass seals bonding together three bodies, with no deformation bonding used. 
These seals leaked at operational temperature, just as the one proposed by Spirig.
9
 The 
sensor produced by van Setten worked very well below 450 
o
C, but also suffered from 
reliance on glass seals. Zhuiykov’s sensor worked well at 480 oC or below, but his sensor 
was designed for measuring oxygen in melts, not in gaseous atmospheres as is the 
purpose for most potentiometric oxygen sensors. 
 
1.2.3. Oxygen sensor electrode: contributions from this work 
 
In Chapter 2 an electroceramic derivative of lanthanum strontium manganite (LSM) is 
developed and characterized as an oxygen sensing electrode for use with YSZ. YSZ, 
because of its oxygen-ion conducting property is used as an electrolyte for oxygen 
sensors and solid oxide fuel cell (SOFC) applications. Platinum is typically used as an 
electrode material for oxygen sensors. However, for SOFC, there are a variety of 
electrodes that are being studied. Amongst these, lanthanum strontium manganite La1-
xSrxMnO3 (LSM x=0.1-0.3 most commonly), an ABO3 perovskite, is frequently used as a 
cathode because of its oxygen reduction characteristics and high electronic conductivity 
at fuel cell operating temperatures (600 – 1000 oC).15,16 The triple point boundaries (tpb) 
between YSZ, LSM and oxygen are active sites for oxygen reduction, much like Pt, YSZ, 
and oxygen tpb for oxygen sensors. A significant hurdle with the use of LSM is its 
reaction with YSZ to form insulating pyrochlores lanthanum zirconate (La2Zr2O7) and 
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strontium zirconate (SrZrO3). In order to reduce formation of an insulating interlayer 
between LSM and YSZ,
17–21
 previous studies have doped varying amounts of the B site 
Mn in LSM for Al, LaxSr1-xAlyMn1-yO3-δ.
20–22
 
We have reported earlier on the use of lanthanum strontium iron cobalt oxide as an 
electrode for an oxygen sensor.
23
 Use of composite lanthanum strontium manganite and 
YSZ as an oxygen sensor electrode resulted in internally reference sensors stable over a 
period of 6600 hours.
11
  
Other internally referenced sensors have also been fabricated, by Kaneko,
12
 van 
Setten,
13
 and Zhuiykov.
14
 We have also reported on an oxygen sensor, in which the 
reference cavity was formed by joining of two YSZ pieces by grain boundary sliding.
9
 In 
all of these designs, some sort of a glass frit is used to seal the cavity, e.g. in our design 
the internal reference electrode (typically Pt) breached the YSZ joints, and this cavity was 
sealed with a glass seal. Such glass seals soften at around 800 
o
C, and limit the use of 
such devices to temperatures below this limit. An electroceramic material that can act as 
an internal reference electrode and at the same time form a hermetic seal with an 
electrolyte like YSZ will make possible design of air-reference free oxygen sensors that 
can operate at temperatures >800 
o
C. This electroceramic replaces the Pt electrode inside 
the cavity in Figure 1.4 allowing for higher temperature sealing and increased versatility 
of the sensor design. 
In this study, we focus on synthesis of nanometer-sized aluminum-doped 
La0.8Sr0.2Al0.9Mn0.1O3, (LSAM) using a microwave-assisted hydrothermal method. Prado-
Gonjal
24
 et al. used this method to produce nanoparticles of several lanthanum based 
perovskites, including LaAlO3, LaMnO3, and La0.8Sr0.2FeO3. Lanthanum manganites 
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incorporating Sr and Gd were also synthesized by microwave methods.
25,26
 These 
methods are very similar to the Pechini synthesis, also used to make lanthanum based 
perovskite nanoparticles for sensing applications,
27
 however the hydrothermal step occurs 
in a microwave.
 
We examine the electrical and mechanical properties of nanoparticulate 
LSAM. The nanosize of LSAM should influence its joining with other electroceramics 
and is examined. There have been two previous studies on high pressure joining of 
micron-sized LSAM to yttria stabilized tetragonal zirconia polycrystals (YTZP), a form 
of YSZ. Spirig et al. reported that the joint was produced by grain boundary sliding, and 
found no spectroscopic evidence for any product at the joint surface. Pappacena et al. 
examined a different LSAM composition (La0.8Sr0.2Al0.5Mn0.5O3), but still micron-sized, 
and reported a strong joint with YTZP, but noted that an intermediate Sr containing layer 
was cementing the joint. We follow the high pressure and temperature bonding between 
nanoparticulate LSAM and YTZP by microprobe Raman spectroscopy. LSAM was 
bonded to YTZP by isostatic hot pressing methods and its properties as an electrode for 
an oxygen sensor is examined, a concept previously proposed but not yet reduced to 
practice.
20,21
 
 
 
 
 
12 
 
 
 
1.3. Miniaturization of oxygen sensors and novel platform 
 
1.3.1. Miniaturization of sensors: background 
 
Microelectromechanical systems (MEMS) type manufacturing techniques have the 
potential to produce thousands of sealed cavity sensors at a time using a pair of silicon 
wafers. Other sensor types that do not require a sealed cavity have been fabricated on a 
single wafer. In either case, using long series of masked physical and chemical vapor 
deposition steps, masking layers, and dry and wet etchants is required. After all processes 
are complete, the devices can be diced up by a laser or sawing method into individual 
devices for packaging. 
The first closed cavity sensor miniaturized using MEMS type technology was 
envisioned by Ulrich Gösele, also a pioneer in hydrophilic wafer bonding.
28
 His group 
etched silicon wells in a wafer using KOH, resulting in a series of trapezoidal prism holes 
like the one shown in Figure 1.6. Afterwards his group bonded this wafer to a flat wafer 
to produce a sealed cavity. The top wafer of the sample was thinned to produce a 
diaphragm. The diaphragm will deflect during changes in pressure on the outside relative 
to the fixed pressure inside and this change can be measured with a piezoelectric 
device.
29
 Accelerometers are also made by bonding over a cavity and then thinning to 
form a diaphagm.
30
 Pressure sensors based on the sealed cavity method introduced by 
Gösele are now very common in industry, and are produced at very low cost on large 
silicon wafers. 
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1.3.2. Adaptation of internally referenced sensor for MEMS technology 
 
The MEMS type pressure sensor is an excellent model for adapting the oxygen sensor 
designed in Chapter 2 and shown in Figure 1.4. The new sensor design is shown in Figure 
1.7. Two pieces of silicon, one with YSZ and electrode films, and one with a Pd/PdO 
film, are bonded together. Inside the cavity are the Pd/PdO mixture to make an oxygen 
reference environment, and the Pt/YSZ/Pt system that is already proven concept with 
bulk YSZ in commercial sensors. During the course of experiments in this dissertation, 6-
8 device cavities are bonded at a time depending on the sample pattern. However the 
ultimate purpose is to further reduce the size from 10 x 10 mm to 2 x 2 mm and produce 
thousands of sensors from one pair of wafers.  
 
1.3.3. MEMS type oxygen sensor and platform: contributions from this work 
 
Chemical gas sensors are extensively studied for a wide variety of applications, 
including combustion control in environmental and biomedical industries. Adapting 
silicon-based manufacturing practices for design of harsh environment chemical sensors 
can have significant impact on miniaturizability and cost, as has already been 
accomplished with MEMS-based physical sensors. There is a large push to produce 
electrochemical devices to detect biologically relevant gases in the breath or harmful 
14 
 
 
 
gases in the environment with MEMS-based chemical sensors. The integration of these 
technologies into smart phones, tablets, wrist watches, and other portal wearable devices 
is the next frontier in electrochemical sensing.
31
 
The long term goal of this research project is to develop a MEMS-type platform that is 
usable for a suite of sensors and the development of this platform is the subject of chapter 
3. Development of a general platform that could be adapted for electrochemical sensing 
by substituting different electrochemical materials and microstructures could lead to 
massive reductions in the cost of electrochemical sensing, as well as reduce the footprint 
and power consumption, making sensors based off the platform compatible with the 
above wearable devices.  
MEMS type sensors like the one proposed here are made thousands at a time on 150 – 
300 mm wafers of crystalline silicon. The ability to quickly make so many from such a 
small amount of materials is the primary source of cost savings, and our estimates 
indicate that O2, NOx, and CO2 sensors made by these methods could be produced for $3 
– 5. For reference, oxygen lambda sensors for cars are typically about $10 to produce and 
oxygen sensors for coal plants are ~$2,000-$3,000 to produce. NOx sensors can be about 
the cost of an automotive lambda sensor to tens of thousands of dollars depending on the 
application. 
Ceramic oxygen sensors are the most commonly used sensor with hundreds of millions 
in use road today.
1–3
 As a crucial part of combustion control,
32
 these sensors are ever 
more ubiquitous as the EPA and other regulatory agencies enforce ever stricter standards 
on emission control. Reduction in the cost of oxygen sensors therefore has the largest 
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near term potential impact with reductions in cost also opening up increased utilization 
for cleaner burning combustion technologies. 
Our group and others have studied air-reference free high temperature oxygen sensors, 
and methods of producing these devices.
9,33
 In these sensors, there is the need for a sealed 
cavity that produces a fixed internal partial pressure of oxygen. The difference between 
this fixed internal reference oxygen partial pressure and the pressure of oxygen on the 
outside across an oxygen ion conducting electrolyte leads to a measurable electromotive 
potential. The challenge is to seal the oxygen reference chamber, and several strategies 
using glues or high temperature/pressure bonding methods have been reported.
9,33,34
  
Figure 1.4 shows a design of a sensor made in our group.
9
 The key aspect to this design 
is the creation of a hermetically sealed reference cavity with a fixed partial pressure of 
oxygen using a Pd/PdO mixture. This reference cavity was formed by sealing several 
pieces of yttria stabilized zirconia YSZ to produce the deformation bonds shown in 
Figure 1.4. Typical temperatures and pressures used to accomplish bonding between the 
two YSZ pieces were 1300 
o
C and 50 MPa. The bonding occurred through plastic 
deformation of the ceramic pieces by grain boundary sliding. Such devices are typically 
fabricated one at a time. The Pt electrodes both on the surface and within the cavity are 
used to measure the electromotive force (potential difference) across the oxygen-ion 
conducting YSZ due to the difference in oxygen partial pressures. This sensor platform 
has also been adapted to simultaneous measurement of NOx and O2.
35
 
Sensor fabrication using silicon-based strategies is attractive due to the detailed 
understanding of silicon and it’s processing, as well as the large existing manufacturing 
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infrastructure and it is the next logical step for larger scale implementation of the design 
in Figure 1.4. Such strategies have already been used to create a variety of buried cavity-
like devices for MEMS through the bonding of patterned or structured layers, and are the 
basis for pressure sensors.
36,37
  Bonding is carried out at the wafer scale, resulting in 
significant miniaturization, and parallel manufacture with reduced cost. The practical 
upshot of these advantages are that 1000’s of sensors can be made together at a time from 
a pair of wafers. 
The goal of the current study is to apply the concepts developed for creating cavities in 
MEMS-based mechanical devices to chemical gas sensing. The current objective is to 
exploit the wafer level bonding with silicon to create a hermetically sealed reference 
cavity for design of an oxygen sensor. Hydrophilic bonding is well established to produce 
silicon wafer-based devices because it can be initiated at room temperature and then 
annealed to as low as 200 – 300 oC in some cases 38,39 making the bonding method more 
versatile than the hot isostatic hot pressing methods used for oxygen sensors and in 
Chapter 2 of this dissertation. Similar devices based on silicon have recently been 
fabricated, by the Morante group, however the sensor operates on an air reference, 
indicating that air still needs to be brought in to the sensor via an external source.
40
 
Chemical sensor platforms using silicon manufacturing techniques will result in 
miniaturizable sensors with parallel manufacture of many sensors from a single wafer. 
Fabrication of such devices for harsh environment chemical sensors has been discussed, 
but not yet fully realized.
41
 Our novel fabrication strategy based on hydrophilic wafer 
bonding of patterned silicon produces a sealed cavity in which an oxygen reference is 
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sealed. This design is based off of work previously done in our group,
9,33
 discussed in 
greatest detail in Chapter 2.  
This chapter will cover the development of the bonding method that can produce the 
sensor platform and the challenging issues related to hydrophilic bonding with creation of 
gases and with different stresses induced at the interface by the necessary protective thin 
films. Also covered is the etching studies required to access the electrochemical elements 
inside the sensor and characterization and processing of the electrodes, vias, and 
electrode via contacts. 
 
1.4. Molecular recognition of ammonia with zeolites 
 
1.4.1 Zeolite sensing: background 
 
In Chapter 4 silver-loaded zeolite Y is considered as a selective ammonia sensor with 
a novel sensing mechanism based on molecular recognition. Zeolites are crystalline 
aluminosilicates with the composition SiO2 ∙ AlO2 ∙ M
n+
 ∙ H2O with M
n+
 cations charge 
balancing the negative framework.
42
 Interaction of gas molecules with intrazeolitic 
cations is relevant for many phenomena, including catalysis, separations and sensor 
transduction.  There are about ~ 150 different topologies of zeolites, all characterized by 
different cage/channel structures (hence porosities).  The M
n+ 
charge balancing cations 
are ion-exchangeable and are located in various crystallographic sites within the 
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framework.  These cations are often the site for catalytic reactions, since they act as 
active sites with the zeolite framework acting as the scaffold.  Thus, there are numerous 
studies on coordination chemistry of cations within the zeolite framework. 
Another novel aspect of the intrazeolitic cations is their mobility.  This is typically 
measured by impedance spectroscopy, the activation energy for cation motion involves 
both the energy involved in disrupting the electrostatic bonding with the framework, as 
well as the energy involved in cation hopping through the framework.
43
  Interaction of 
the cations with ligands alters the cation motion. These novel features of zeolites have 
been exploited for gas sensing via host-guest interactions and the subsequent change of 
mobility of the intrazeolitic cations.
44,45
  
Ammonia sensors are necessary for many applications, including environmental 
monitoring, automotive, chemical industry (Haber process in particular) and diagnosis of 
halitosis.
4
  The range of concentrations for these applications varies widely from 50 ppb 
to thousands of ppm, and temperatures ranging from ambient to 600 
o
C.  There are 
diverse sensing technologies that are being investigated including optical, chemical and 
electrochemical sensors.  Electrochemical sensors typically have the advantage of 
miniaturization, and many strategies have been examined to improve selectivity.
46
  
By far the most common ammonia gas sensors are metal oxide ammonia sensors.
4
 
Metal oxide films are composed of a large number of grains and grain boundaries. The 
charge trapping at the interface of adjacent grains results in the formation of a double 
Schottky potential barrier. The conductivity of the material is based on the height of the 
Schottky potential barrier. When exposed to a reducing gas, such as NH3, surface oxygen 
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species on the grain surface oxidizes the reducing gas. The loss of the oxygen species 
reduces the barrier height.
47
 An illustration of this effect is shown in Figure 1.8.
48
  
One new commercial use of ammonia sensors is in ammonia Selective Catalytic 
Reduction (SCR) systems.
49
 New diesel engines use urea as a source of ammonia, that 
reacts with NOx species over a catalyst to produce N2 and H2O as shown for NO and NO2 
in equations 6 and 7. The ammonia reduces harmful NOx emissions, but NH3 is also an 
environmentally regulated gas, so it is important to inject only as much urea as is needed 
to remove NOx species present.  To this end ammonia sensors are installed in the exhaust 
stream of a diesel engine to ensure that too much ammonia is not slipping through the 
system, which would indicate over injection of urea. A feedback loop can then reduce the 
urea injection rate to reduce ammonia slip. The locations of ammonia and NOx sensors in 
a new commercial lean burn diesel engine are shown in Figure 1.9 (B). As a reference, a 
conventional engine schematic is shown in Figure 1.9 (A). 
 
4𝑁𝑂 + 4𝑁𝐻3 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂       (6) 
2𝑁𝑂2 + 4𝑁𝐻3 + 𝑂2 → 3𝑁2 + 6𝐻2𝑂       (7) 
 
Impedance-based sensors for ammonia, like the one proposed in this work, have been 
investigated. However, investigation is primarily done on acidic zeolites, such as ZSM-5.  
As the basic NH3 molecules react with the protons in ZSM-5, the activation energy of 
proton hopping through the framework is reduced, resulting in changes in the impedance 
and used as the measurement parameter.
50,51
 Water interference was improved via 
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increase of the Si/Al ratio of the zeolite framework, but with some sacrifice to the 
ammonia sensitivity. Impedance spectroscopy has also been used for NH3 sensing using 
polytungstate clusters on zirconia.  The strong acid sites of the polytungstate interact with 
NH3 and alter the proton conduction, and such sensors show interference to water.
52
 
 
1.4.2. Sensing mechanism of Ag-Y zeolite: contributions of this work 
 
In Chapter 4, the focus is on Ag
+
 - exchanged zeolite Y, and the examination of its 
interaction with ammonia using impedance spectroscopy, X-ray photoelectron 
spectroscopy and in-situ infrared spectroscopy.  Interaction of NH3 with Ag
+
 - zeolites 
has been studied for developing catalysts for selective catalytic reduction of nitric 
oxide.
49
  The present study is a detailed investigation focused on Ag
+
 - NH3 interaction 
within zeolite Y, and the observation that NH3 alters the Ag
+
 motion is the basis for an 
impedance-based ammonia sensor.  The proposed sensing mechanism is molecular 
recognition, since the target gas molecule interacts preferentially with the Ag
+ 
in the 
zeolite and leads to improved selectivity. 
The basis of this sensing paradigm is called the Grothus mechanism, described in 
zeolites by Simon et al. and shown in Figure 1.10.
51
 When zeolites are exposed to 
ammonia, cation hopping can be facilitated by ammonia due to reduced electrostatic 
interaction between the cation and the zeolite. The reduction in electrostatics leads to 
reduced activation energy for hopping. In the work presented here, Ag
+
 cations are bound 
to the zeolite, and silver forms complexes with ammonia, but not many other gases. As 
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such interaction with ammonia reduces the impedance of the sensor, by molecular 
recognition. 
In order to defend the claim of a new mechanism we consider and refute the 
possibility that the sensing mechanism could be due to an oxidation/reduction 
interchange between singly charged Ag
+
 ions, small charged ionic clusters, larger ionic 
clusters, and aggregates of atomic Ag, with each change resulting in a possible change in 
impedance of the system as the Ag species change state. There is considerable mention of 
Ag reduction to clusters in zeolite literature under different types of conditions. For the 
defense of the Ag-NH3 complex formation hypothesis, impedance experiments in 
oxidizing and reducing (forming) gases, XPS, and in-situ IR were performed. 
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1.6 Tables. 
 
Table 1.1. Emissions profile of four different types of combustion engines. Adapted from 
Liu et al.53 Data originally compiled by Kašpar.54 
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Table 1.2. A brief history of the development of oxygen sensors through history is 
shown. Sensor designs are conceptually the same as those used today. Adapted from 
Ramamoorthy.5  
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1.7. Figures 
 
 
 
Figure 1.1. In a) a Bosch automotive oxygen sensor is shown.  In the chemical element is 
a ceramic layer with two Pt electrodes. The electronics that take electronic information to 
a logic board or computer go out the right side of the sensor run along the metal leads 
inside the probe body. The packaging is everything else required to support the sensor 
element such as the porous metal probe sheath, heater, and insulation. In b) two of the 
most common placement locations are shown for engines based off of three-way 
catalysts. Adapted from Riegel.
1
   
  
Ceramic sensing 
element 
Electronic 
information out 
   Probe sheath  Insulation  
Heater 
a) 
b) 
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Figure 1.2. Adapted from Moos.
2
 Conversion efficiency for removal of hydrocarbons, 
carbon monoxide, and nitric oxides from fuel emissions using a three-way catalyst and 
two lambda type oxygen sensors. The dashed trace corresponds to both HC and CO.  
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Figure 1.3. Shows a thimble type potentiometric oxygen sensor.
5
 In a) the thimble types 
sensor made of YSZ electrolyte and Pt porous electrodes are shown. The chemical 
potential between the reference and the sensing environment is what is measured. 
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Figure 1.4. An internally referenced oxygen sensor.
9
 The sensing principle is exactly the 
same as the thimble type oxygen sensor described in section 1.1.1., however a metal-
metal oxide mixture in equilibrium with oxygen in the reference atmosphere holds the 
pO2 inside steady at constant temperature. Since the reference is sealed need for external 
plumbing is removed. 
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Figure 1.5. Adapted from Hu et al.11 An internal reference oxygen sensor is made with an 
electrolyte, sensing electrode (SE), internal reference electrode (IRE), sealing layer, and 
metal/metal oxide mixture as shown in ‘A.’ In ‘B’ an image of the whole sensor is 
shown. In ‘C’ a cross sectional SEM of the sensor is shown. 
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Figure 1.6. Adapted from Gösele.
28
 Shows the aligning and hydrophilic bonding of two 
wafers, one of which has a pattern of cavities in it, to produce sealed cavity upon 
bonding. After thinning the top wafer the material over the sealed cavity was a flexible 
diaphragm.  
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Figure 1.7. The MEMS type oxygen sensor design based off a pressure sensor design. 
Instead of a diaphrahm over thinned silicon, there is YSZ membrane that is accessed 
through KOH etching of Si over top (etched area is in dotted lines.) Inside the sealed 
cavity are all the components of an oxygen sensor shown in Chapter 2, Pt, YSZ, and 
Pd/PdO. The two unbonded halves are shown on top and the bonded pair are shown on 
the bottom. 
  
1) Si 
2) Polysilicon vias 
3) Pt electrodes  
4) YSZ 
5) PdO 
6) Waffle pattern 
7) Si3N4 
8) Device cavity 
9) Thermal oxide 
0) Native oxide 
38 
 
 
 
 
Figure 1.8. Adapted from Srivastava.
48
 Shows the Schottky barrier height at the grain 
boundaries in metal oxides like SnO2 than change upon exposure to a reducing gas. This 
change in barrier height is the basis of sensing in many metal oxide sensor systems. 
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Figure 1.9. Adapted from Fulmer.
55
 Shown is an (A) traditional combustion engine with 
emission control based on a three-way catalyst and (B) a next generation lean burn diesel 
engine based off of SCR technology. The NH3 sensor at the end of (B) is required to 
manage ammonia slip. 
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Figure 1.10. Adapted from Simon.
51
 Grothus like mechanism in zeolites. The activation 
energy for proton hoping in zeolite can be reduced by using ammonia to reduce 
electrostatic interactions between cations and negatively charged zeolite framework. 
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Chapter 2. Development of Nanosized Lanthanum Strontium Aluminum Manganite 
as Electrodes for Potentiometric Oxygen Sensors 
 
2.1. Introduction 
 
Yttria stabilized zirconia (YSZ), because of its oxygen-ion conducting property is used 
as an electrolyte for oxygen sensors and solid oxide fuel cell (SOFC) applications. 
Platinum is typically used as an electrode material for oxygen sensors. However, for 
SOFC, there are a variety of electrodes that are being studied. Amongst these, lanthanum 
strontium manganite La1-xSrxMnO3 (LSM x=0.1-0.3 most commonly), an ABO3 
perovskite, is frequently used as a cathode because of its oxygen reduction characteristics 
and high electronic conductivity at fuel cell operating temperatures (600 – 1000 oC).1,2 
The triple point boundaries (tpb) between YSZ, LSM and oxygen are active sites for 
oxygen reduction, much like Pt, YSZ, and oxygen tpb for oxygen sensors. A significant 
hurdle with the use of LSM is its reaction with YSZ to form insulating pyrochlores 
lanthanum zirconate (La2Zr2O7) and strontium zirconate (SrZrO3). In order to reduce 
formation of an insulating interlayer between LSM and YSZ,
3–7
 previous studies have 
doped varying amounts of the B site Mn in LSM for Al, LaxSr1-xAlyMn1-yO3-δ.
6–8
 
Another potential use of electroceramic materials is in the area of oxygen sensors.
9
 We 
have reported earlier on the use of lanthanum strontium iron cobalt oxide as an electrode 
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for an oxygen sensor.
10
 Use of composite lanthanum strontium manganite and YSZ as an 
oxygen sensor electrode resulted in internally referenced sensors stable over a period of 
6600 hours.
11
 Other internally referenced sensors have also been fabricated, by Kaneko,
12
 
van Setten,
13
 and Zhuiykov.
14
 We have also reported on an oxygen sensor, in which the 
reference cavity was formed by joining of two YSZ pieces by grain boundary sliding.
15
 In 
all of these designs, some sort of a glass frit is used to seal the cavity, e.g. in our design 
the internal reference electrode (typically Pt) breached the YSZ joints, and this cavity was 
sealed with a glass seal. Such glass seals soften at around 800 
o
C, and limit the use of 
such devices to temperatures below this limit. An electroceramic material that can act as 
an internal reference electrode and at the same time form a hermetic seal with an 
electrolyte like YSZ will make possible design of air-reference free oxygen sensors that 
can operate at temperatures >800 
o
C. 
In this study, we focus on synthesis of nanometer-sized aluminum-doped 
La0.8Sr0.2Al0.9Mn0.1O3, (LSAM) using a microwave-assisted hydrothermal method. Prado-
Gonjal
16
 et al. used this method to produce nanoparticles of several lanthanum based 
perovskites, including LaAlO3, LaMnO3, and La0.8Sr0.2FeO3. Lanthanum manganites 
incorporating Sr and Gd were also synthesized by microwave methods.
17,18
 These 
methods are very similar to the Pechini synthesis, also used to make lanthanum based 
perovskite nanoparticles for sensing applications,
19
 however the hydrothermal step occurs 
in a microwave.
 
We examine the electrical and mechanical properties of nanoparticulate 
LSAM. The nanosize of LSAM should influence its joining with other electroceramics 
and is examined. There have been two previous studies on high pressure joining of 
micron-sized LSAM to yttria stabilized tetragonal zirconia polycrystals (YTZP), a form 
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of YSZ. Spirig et al. reported that the joint was produced by grain boundary sliding, and 
found no spectroscopic evidence for any product at the joint surface. Pappacena et al. 
examined a different LSAM composition (La0.8Sr0.2Al0.5Mn0.5O3), but still micron-sized, 
and reported a strong joint with YTZP, but noted that an intermediate Sr containing layer 
was cementing the joint. We follow the high pressure and temperature bonding between 
nanoparticulate LSAM and YTZP by microprobe Raman spectroscopy. LSAM was 
bonded to YTZP by isostatic hot pressing methods and its properties as an electrode for 
an oxygen sensor is examined, a concept previously proposed but not yet reduced to 
practice.
6,7
  
 
2.2. Experimental 
 
All experiments were performed at The Ohio State University by the author of this 
dissertation. TEM images were collected by Henk Colijn. 
 
2.2.1. Synthesis and Physical Characterization 
 
La0.8Sr0.2Al0.9Mn0.1O3 was prepared by a microwave-assisted hydrothermal method. 
Nitrate salts of lanthanum La(NO3)3•6H2O, Alfa Aesar) , strontium Sr(NO3)2, (Alfa 
Aesar), aluminum Al(NO3)3•9H2O, (Aldrich), and manganese Mn(NO3)2•xH2O, x = 
approximately 4, (Alfa Aesar) were combined in the stoichiometric metallic ratio of 
0.8:0.2:0.9:0.1, respectively. A typical batch used ~10.4 g La salt, 1.28 g Sr salt, 10.1 g 
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Al salt, 0.76 g Mn salt, and 6.32 g citric acid monohydrate. The salts were then dissolved 
in 50-130 mL H2O depending on the batch while stirring. The citric acid monohydrate 
(Fischer Scientific) was added in an equimolar ratio to the sum of all metal salts. The pH 
of the solution was then buffered at pH 9.0 – 9.1 using liquid ammonium hydroxide 
(Certified A.C.S. Plus, Fischer Scientific). Stirring continued during all steps until at least 
10 minutes after adjusting to final pH. The solution would turn cloudy as the hydroxide 
was added and then the cloudiness would abate after reaching ~9.0. Cloudiness 
occasionally persisted to higher pH. 
After stirring, the synthesis was carried out in a CEM Mars 5 microwave reactor with 
HP500 Plus reaction chambers. Depending on the quantity of sample made, 1-3 reactors 
were used at a time. The microwave was set to 200 
o
C and then dwelled for 6 hours. The 
sample was recovered from the reactors with DI water. The slurry was then heated in air 
(95-98 
o
C) then under vacuum (+100 
o
C) to remove excess water. The resultant hard 
brittle solid was ground in a mortar and pestle, ball milled, and calcined in air at 650 
o
C 
for two hours. The resultant low density solid was then ground in a mortar and pestle to a 
fine powder and pressed into pellets. These pellets were then heated to 1500 
o
C for 50 
hours unless otherwise noted. 
 
2.2.2. Electrical Characterization 
 
Impedance experiments were performed on a Solartron 1260 impedance/gain-phase 
analyzer impedance measurement system inside a Lindburg Blue tube furnace. 
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Experiments were performed between 100 - 300 mV AC under varying temperatures 
(500 - 800 
o
C) in air and nitrogen. The applied frequency was 0.1 to 10
7
 Hz. No DC 
voltage was applied. Samples were prepared in a pellet press using a bar mold. Samples 
were sintered at 1500 
o
C for 50 hours. 
 
2.2.3 Electron Microscopy 
 
SEM micrographs were obtained on a Philips XL-30 ESEM were prepared by cutting 
a cross section from bonded samples, grinding with 240, 320, 480, and 600 grit, and then 
polishing down to 1 μm polish. The cross section was then thermally etched in air at 1200 
o
C for 3 hours to reveal the grains. The ramp rate was 10 
o
C/minute up to 1000 
o
C and 
then 2 
o
C/minute up to 1200 
o
C with no dwell time at 1000
 o
C. TEM micrographs were 
obtained on a Tecnai F20 transmission electron microscope on a lacy carbon grid. On 
powder samples that were not sintered at 1500 
o
C. XRD was performed on a Rigaku 
Geigerflex diffractometer using monochromated Cu kα (λ = 1.5405 Å) radiation and 2 
mm, 1 mm, 3 mm slits.  
 
2.2.4. Chemical Reactivity of La0.8Sr0.2Al0.9Mn0.1O3 and YSZ 
 
YSZ powder (TOSOH) was thermally treated for 14 hours at 1300 
o
C. Equimolar 
quantities of YTZP and LSAM powder were combined and ball milled. The resultant 
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powder was formed into a pellet in a 1.3 cm die and pressed under 3000 kg for 20 
minutes. The pellet was heat treated at 1300 
o
C for 3 hours in Ar using the same heating 
profile used during joint fabrication. The pellet was then crushed and ball milled. The 
final heat treated powder was examined by XRD. 
 
2.2.5. Joining of La0.8Sr0.2Al0.9Mn0.1O3 and YTZP 
 
The YTZP for the joint was made with pellets made from nanoparticles of YTZP 3% 
from Tosoh (Japan). Both LSAM and YTZP were pellet pressed in a hydraulic pellet 
press using 0.7-1.0 tons of weight in a 1.3 cm pellet press. The typical quantity of 
material used varied from 300 mg to 800 mg. Afterwards pellets were densified by 
annealing in air. YTZP was ramped 100 
o
C/hr up to 1350C and dwelled for two hours 
and then back down via natural cooling. LSAM pellets were ramped 10 
o
C/min up to 
1500 
o
C and dwelled for 50 hours and then back down via natural cooling. Both sides of 
each pellet were coarse ground to a 600 grit polishing paper. One side of each was then 
polished down to a 1 μm polish.  
The two pellets were loaded into an Instron Universal Testing Machine with the mirror 
polished sides facing and protected above and below by graphite foil. The chamber was 
evacuated and flushed with argon gas three times and then maintained in an Ar 
atmosphere. A load of 50 N was applied while the chamber was heated to temperature 
(1250-1350 
o
C) to ensure maintained load on the sample. After dwelling at temperature 
for at least 45 minutes a steady state strain rate of (1.5 x 10
-5
 - 4.5 x 10
-5
 mm/mms) was 
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applied to the samples. For sensor fabrication, samples were also joined by a steady state 
stress method, where stress was ramped linearly (0.5 MPa/min) to a final stress and then 
relieved.  
 
2.2.6. Raman spectroscopy 
 
Raman spectroscopy was performed with a Renishaw Raman Microprobe using a 514 
nm laser wavelength. Reference spectra were obtained on powders and mapping 
experiments were performed on a polished cross section of a joined sample. Mapping 
experiments were performed with a 100X objective over a 30 x 6 μm area using 1 μm 
steps in both the “x” and “y” directions. The long edge of the Raman mapping ran 
perpendicular to the sample interface. Individual reference spectra were obtained without 
use of the mapping function. A typical pixel was two scan collections run for 20-45 
seconds over a static range.  
 
2.2.7. Sensor Fabrication and Sensing experiments 
 
A pellet of LSAM sintered at 1500 
o
C for 50 hours joined to a pellet of sintered 
commercial YTZP by the methods described above. Porous platinum electrodes were 
then attached with platinum ink and wires to the center of the top and bottom of the 
joined samples. A dot of Pt ink a few mm in diameter (measured after annealing) was 
placed on one side of the sample and a Pt wire with a curled tip (wrapped once around a 
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tweezer to make a loop in the wire) was placed in the ink. The loop went into the ink and 
the rest of the wire was left free standing. The wire was 1-2 cm long. The sample was 
then annealed in a box furnace in air at 950 
o
C for two hours, ramp rate 2-3 
o
C/min. After 
one wire was attached the sample was placed upside down on a thin section of YSZ 
tubing with the electrode annealed ink in the center so that it did not touch a surface. A 
second electrode was painted on the other side and annealed using the same methods. 
The joined sample was then mounted onto the end of a quartz tube with Ceramabond 
552 alumina paste (Aremco). The pores of the alumina paste were filled with 
Ceramabond 617 glass sealant paint (Aremco). Pt lead wires were run along the inside of 
the quartz tube to the platinum electrode and a lead wire was connected to the LSAM 
electrode on the outside of the tube. Oxygen sensing experiments were performed in a 
Lindburg Blue tube furnace Type TF55035A with an Agilent LXI data acquisition / 
switch unit and in house LabVIEW software and Sierra mass flow controllers for mixing 
gases. Sample gas mixtures (1-21% O2 breathing air mixed with 4.8 N2) were flowed at 
100 sccm outside of the quartz tube in the tube furnace chamber. The interior of the 
quartz tube was left open to lab air as a reference. 
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2.3. Results 
 
2.3.1. Synthesis of nanoparticulate LSAM 
 
Nitrates of lanthanum, strontium, aluminum, and manganese were dissolved in 
distilled water with molar ratio of 8:2:9:1, respectively, to provide LSAM with a 
composition of La0.8Sr0.2Al0.9Mn0.1O3. To this solution was added citric acid in a 1:1 
charge balance with the metal cations, the role of the citric acid being to complex the 
ions. Hydrothermal treatment of reagents (200 
o
C) in the microwave was carried out to 
initiate the reaction. The material was then dried to a brown solid. Calcination at 650 
0
C 
for 2 hours ignited the material and the result was a fine green powder. Further sintering 
at 1500 
o
C resulted in a dark grey material. 
 
2.3.2. Physical Characterization of nanoparticulate LSAM 
 
Figure 2.1a shows an X-ray diffraction pattern of the LSAM product. The location and 
relative height of the peaks (23.4, 33.3, 41.1, 47.9, 54.0, 59.6, 70.0, 75.0, 80.0
o, 2θ) are 
consistent with a cubic perovskite crystal structure (Pm-3m) with a lattice constant of 
3.84 Å 
6
. The lattice constant was calculated using the Bragg’s Law. The size of the 
LSAM particles was also determined by transmission electron microscopy (TEM) to be 
approximately 40 nm (Figure 2.1b).  
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2.3.3. Chemical Reactivity of nanoparticulate LSAM with YTZP 
 
An equimolar mixture of YTZP and LSAM powders was pelletized and reacted in Ar 
at 1300 
o
C for 14 hours. Figure 2.2 shows the XRD of the two reactants and the product 
of the reaction. A lack of reflections at 28.7
o
 and 35.6
o
 2θ indicate that lanthanum 
zirconate (JCPDS# 17-0450) or strontium oxide (JCPDS# 65-2652), respectively are not 
forming. Strontium zirconate formation was however noted by reflections at 30.84
o
, 
44.13
o
, and 53.98
o
 2θ (indicated by arrows on in Fig 2.3). Reaction between lanthanum 
strontium manganite and yttria stabilized zirconia at 1000 
o
C in nitrogen is reported to 
result in strontium zirconate formation.
5
 The presence of aluminum in LSAM did not 
therefore completely inhibit reaction. Another notable change is the disappearance of the 
monoclinic phase in the YTZP, observable due to a loss of peaks at 28.48 and 31.58 2θ.20 
This is to be expected because YTZP (~3% yttria) that has been heat treated at 1250 
o
C or 
above loses its monoclinic phase.
21
 For this range of yttria doping, tetragonal is the high 
temperature stabilized phase.
 
 
2.3.4. Joining of nanoparticulate LSAM with YTZP 
 
Polished pellets prepared from powders of LSAM and YTZP were isostatically 
pressed at 1350
0
 C with varying strain rates (1.5 – 4.5) x 10-5. Figure 2.3 shows the stress 
versus strain curve of an example of one such joining where LSAM and nano-YTZP 
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samples were joined using a 3.0 x 10
-5
 s
-1
 strain rate at 1350 
o
C. The sloping off of the 
straight line in the stress strain curve indicates the onset of plastic deformation below 6 
MPa. This value is lower than the 10 MPa stress previously reported for joint formation 
of micron-sized LSAM and YTZP at 1350 
o
C.
6
 The overall change in sample height was 
3.8% plastic deformation with similar changes in the height of the LSAM and YTZP 
layers indicating plastic deformation in both layers. 
Figure 2.4 is a cross sectional SEM image of the joined sample and four distinct layers 
are observed. To the left of the figure are four Raman spectra collected from the four 
distinct layers, a-d. These Raman bands were assigned by comparison with reference 
spectra of pure compounds or more controlled reaction products. Figure 2.5 shows a 
reference spectrum of unbonded or reacted LSAM. No Raman peak assignments have 
ever been made in the literature, however the dominant band at 749 cm
-1
 matches well 
with layer a) in 2.4 and Raman spectra of LSAM in the literature. The layer b) matches 
well with Figure 2.6, a reference spectrum of strontium zirconate. The band at 145 and is 
a B2g mode and bands at ~167, 280, and 411 cm
-1
 are A1g modes. Larger and broader 
peaks around 550 cm
-1
 are difficult to assign, however the irreducible representation may 
be A1g and B1g according to Kamishima.
22
 Another larger peak at 654 cm
-1
 in layer b) is 
likely due to other zirconates, but was above the maximum Raman shift reported by 
Kamishima. Figure 2.7 shows a reference spectrum of YTZP reacted with Mn2O3, which 
according to the literature should form manganese doped cubic YSZ.
5
 The main band, 
also seen at 628 cm
-1
 in Figure 2.4 layer c), at 618 cm
-1
 is a T2g band according to 
multiple sources.
23,24
 The other peaks from the reference spectrum in Figure 2.7 are the 
Eg band at 310 cm
-1
, T2g band at 445 cm
-1
, and a band at 236 cm
-1
 which may be an A1g or 
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Eg band. The final layer d) in Figure 2.4 matches a reference spectrum of YTZP with an 
A1g band at 641 cm
-1
, B1g bands around 145 cm
-1
 and 320 cm
-1
, and Eg bands at 259 cm
-1
, 
464 cm
-1
, and 641cm
-1
.
23
 
Based on the above comparisons, the assignments in Figure 2.4 are a) LSAM at the 
top, b) strontium zirconate in the upper middle, c) cubic zirconia in the lower middle, and 
d) YTZP on the bottom. Similar results with similar materials were reported by Chen.
5
 It 
is reported that lanthanum and strontium in LSM will form zirconates such as lanthanum 
zirconate by reaction with YTZP, and that manganese diffuses into the grain boundaries 
between YTZP particles to form larger grains of cubic manganese containing YSZ.  
 
2.3.5. Electrical Characterization 
  
Impedance spectroscopy over the frequency range of 0.1 to 10
7
 Hz was carried out 
with sintered pellets of LSAM in both air and N2 over the temperature range 500 – 800 
o
C.  Figure 2.9a shows the Nyquist plots obtained in air.  The plots exhibit a slight 
depression, but only a single semicircle could be discerned.  The high and low frequency 
Z’-intercepts were used to calculate resistance. Resistivity was determined using Ohm’s 
law. The Arrhenius equation (1) was used to determine activation energy of the process 
where A is an exponential factor, T is the temperature, R is the ideal gas constant, and Ea 
is the activation energy. Figure 2.9b shows the Arrhenius plot from which the activation 
energy was extracted in nitrogen. The activation energy was measured to be 86.3 and 
86.4 kJ/mol in air and nitrogen, respectively. 
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ln(𝜎𝑒⁡𝑇) = 𝐴 +
−𝐸𝑎
𝑅𝑇
                (1)  
 
Table 2.1 compares the total conductivity for air and N2, the impedance data and 
Arrhenius plot for N2 is shown in Figure 2.9.  The increasing conductivity with 
temperature is indicative of semiconducting behavior. The change in conductivity from 
air to N2 was a decrease by a factor of two, demonstrating a weak dependence of 
conductivity on pO2.  The activation energies in air and N2 were also similar (~ 86 
kJ/mol). Figure 2.9a shows the same experiments in nitrogen.   
 
2.3.6. Sensor Fabrication and Testing 
 
 Figure 2.10 shows a diagram of the oxygen sensor examined in this study. LSAM 
was deposited on the electrolyte YTZP from a slurry, and heated to 1350 
o
C. However, 
the LSAM did not bind well to the YTZP, and the particles fell off. When a pellet of 
LSAM was bonded to YTZP at 1250 
o
C by applying a steady state stress rate of 0.5 
MPa/min for 100 min, a stable sensing electrode was formed. The LSAM-YTZP bi-layer 
was mounted on the end of a quartz tube inside a larger quartz housing, all contained 
within a heated environment. The outer sensing environment was maintained at different 
concentrations of O2. The sensor responded reproducibly to steps from 21% to 10%, 5%, 
2%, and 1% O2 and back in the temperature range of 600 - 800 ⁰C. Figure 2.11a shows a 
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sensor trace at 700 
o
C and the response at each concentration of O2 is Nernstian, as 
shown in Figure 2.11b.  
 
2.4. Discussion 
 
2.4.1. Synthesis of nanoparticulate LSAM 
 
We report here a microwave-assisted hydrothermal method to synthesize nanometer 
sized LSAM. Previous methods for LSAM synthesis involved high temperature solid 
state reaction with intermittent grinding.
6–8
 Intermediate grinding required the cooling of 
the sample, grinding, then reheating to temperature, which added substantial processing 
time. This method resulted in micron-sized particles with phase inhomogeneity if the 
intermediate grinding is not accomplished properly. The choice of microwave-assisted 
hydrothermal synthesis was based on shorter synthesis time (hours) as compared to solid 
state methods, nanosize product yield (tens of nanometers), and product phase purity.
16–18
 
This last point is particularly important because La2O3, an oxide that forms as a 
byproduct if reaction is not complete, will react with YSZ to produce lanthanum 
zirconate (La2Zr2O7).
4
 Based on Figure 2.1, it is clear that the microwave-assisted 
hydrothermal citrate method is effective at preparing single phase La0.8Sr0.2Al0.9Mn0.1O3 
nanoparticles, with average particle size of about 40 nm.  
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2.4.2. Joining of nanoparticulate LSAM with YTZP 
 
Joining of ceramics can occur by diffusional bonding, grain boundary sliding (GBS) 
super plastic deformation, and reaction bonding. Some ceramics materials that are 
sufficiently small in particle size can deform plastically or superplastically at low 
temperature (Tmax ~0.6) when a load is applied.
25–30
 During deformation two separate 
bodies can be bonded or “joined” whereby the particles at the interface of each material 
migrate into one another. The viability of a particle to engage in plastic and superplastic 
creep mechanisms when joining with another material is inversely related to size of the 
particle,
31
 given in equation (2): 
 
  𝜀̇ = 𝐴
𝐺𝑏
𝑘𝑇
(
𝑏
𝑑
)
𝑝
(
𝜎
𝐺
)
𝑛
𝐷                  (2) 
 
Where 𝜀̇ is the steady state strain rate, or creep rate, G is the shear stress, b is the 
magnitude of the Burges vector, d is the grain size, k is the Boltzmann constant, T is 
temperature σ is stress, D is related to the diffusion coefficient, and p and n are the grain 
size and stress exponents, respectively. Since we were able to reduce the grain diameter 
of LSAM by two orders of magnitude using the microwave method, the joining process 
should be facilitated as compared to previous studies with micron-sized LSAM 
particles.
6,7
 Figure 2.3 shows the onset of plastic deformation of samples containing 
sintered bodies of LSAM and YTZP, both from nanoparticulate sources at 1350 
o
C. 
Plastic deformation was readily observed as a sloping off in the stress vs. strain data and 
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occurred at lower pressures as compared to micron-sized LSAM, due to the decreased 
grain size. The SEM image in Figure 2.4 shows a five micron region of strontium 
zirconate (Figure 2.4b) and five micron region of cubic YSZ (Figure 2.4c) at the joint 
interface, formed by B site leaching from the LSAM (Figure 2.4a) into neighboring 
YTZP (Figure 2.4d). The formation of these intermediates at the joint plane is consistent 
with the chemical reaction between mixtures of fine-grained YTZP and LSAM at 1300 
o
C, which also leads to formation of strontium zirconate, as seen in Figure 2.2. Previous 
studies with micron-sized La0.8Sr0.2Al0.5Mn0.5O3 with lower levels of Al have reported the 
formation of strontium zirconate.
7
 Surface segregation of Sr has been noted in LSAM, 
especially for samples heated to 1250 
o
C and can possibly exist as SrO.
7
 The top most 
and bottom most layers of LSAM and YTZP in Figure 2.4 however do not appear reacted 
beyond about 5 microns out from the joint plane. The particles in these areas are not 
substantially deformed from spheres. This shape factor, as well as the low stress required 
to join the samples, indicate that both the LSAM and YTZP deformed superplastically, 
however ultimately a reaction based joint is being formed.  
  
2.4.3. Application of nanoparticulate LSAM as an electrode for oxygen sensor 
 
Our objective was to use the LSAM as an electrode with YTZP as electrolyte for 
sensing of oxygen.  In that context, the nature of conductivity of LSAM is relevant. LSM 
is well known as an electronic conductor with conductivity of 115 - 123 S cm
-1
 at 800 -
950 
o
C, with ionic conductivity of 5.7 x 10
-7
 S cm
-1
 at 800 
o
C (pO2 = 1 atm).  The high 
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electron conductivity stems from polaron hopping between Mn
3+
 - O – Mn4+ chains. 
Lanthanum strontium aluminate (LSA) is a p-type semiconductor at high partial pressures 
of oxygen (pO2 > 10
-2
 atm), and becomes increasingly ionically conductive at low partial 
pressures of oxygen, with pure ionic conductivity at pO2 =  10
-9
 atm.
32,33
  Thus, under the 
conditions of the present study (pO2 = 0.01 - 0.2 atm), even LSA would primarily 
function as an electronic conductor.  However, with a further 10% Mn doping as in 
LSAM, the electronic conductivity should increase further.  Literature values of 
conductivity of LSA at 800 
o
C in air is 3.3 x 10
-3
 S cm
-1
,
33
 as compared to LSAM of 3.8 x 
10
-2
 S cm
-1
 (Table 2.1), a factor of 10 increase due to the Mn doping.  As Table 2.1 
indicates, there is a weak effect of conductivity on pO2 (factor of two less in N2 as 
compared to air) suggesting electronic conductivity and the Ea between air and N2 are 
comparable (86 kJ/mol).  Also, the increase of conductivity with temperature is indicative 
of semiconducting behavior.   The high content of Al
3+
 in LSAM still leads to a lower 
conductivity by about 4 orders of magnitude as compared to LSM with a similar 
composition (La0.85 – Sr0.15) and porosity.
34
 
The LSAM if deposited on the sintered YTZP pellets as a slurry did not stick to the 
YTZP surface even after sintering at 1250 
o
C. However, if the LSAM was bonded on to 
the YTZP surface by applying pressure (stress method with the rate of change in pressure 
with time being constant) at 1250 – 1350 oC, a bond between the LSAM and YTZP could 
be established. Figure 2.11a and b show the sensing data with a Nernstian response. The 
Nernstian response of the sensor with LSAM/YTZP electrode/electrolyte interface 
indicates that 
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 LSAM (even with the high Al content) has sufficient conductivity to serve as an 
effective electrode  
 Porosity of LSAM is providing the diffusion of oxygen into the TPB 
 The LSAM-YTZP joint produced by the isostatic press is robust.  
 The interfacial reaction between YTZP and LSAM formed upon joining does not 
compromise sensor signal or response time within the restraints of the time 
constant of our system. 
 
2.5. Conclusions 
 
Hydrothermal synthesis of La0.8Sr0.2Al0.9Mn0.1O3 (LSAM) yielded nanosize particles 
and exhibited reactivity with YTZP. These LSAM particles were found to be electrically 
conductive in the range of 600-900 
o
C. LSAM was joined by diffusion and reaction 
bonds to various types of YTZP at 1250-1350 
o
C by isostatic hot pressing methods. To 
demonstrate that LSAM can act as a high temperature electrode material with YTZP 
electrolytes, a pressure-assisted joined LSAM-YTZP was used successfully in high 
temperature oxygen sensing experiments in a range of 1-21% O2.  
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2.7. Tables 
 
Table 2.1. Electrical properties of LSAM in air and nitrogen. 
Gaseous 
environment 
Activation 
Energy 
(kJ/mol) 
Conductivity 
at 500 
o
C 
(S/cm) 
Conductivity 
at 600 
o
C 
(S/cm) 
Conductivity 
at 700 
o
C 
(S/cm) 
Conductivity 
at 800 
o
C 
(S/cm) 
Air 86.3 1.19E-03 5.09E-03 1.40E-02 3.79E-02 
Nitrogen 86.4 5.26E-04 2.32E-03 6.76E-03 1.64E-02 
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2.8. Figures 
 
  
  
Figure 2.1. Physical properties of LSAM nanoparticles a) powder diffraction pattern and 
b) TEM.  
  
50 nm 
50 nm 
b) 
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Figure 2.2.  Powder diffraction patterns of TOSOH YTZP powder, LSAM and a mixture 
of the two milled together, pelletized, and subjected to 1300
 o
C (arrows indicate new 
species SrZrO3). 
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Figure 2.3. Stress vs. strain curve for LSAM and nano-YTZP pressed pellets show onset 
of plastic deformation below 6 MPa (arrow indicates this onset).  
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Figure 2.4. SEM of joined sample with representative Raman spectra. The layers are 
marked as a) top layer, b) upper middle layer, c) lower middle layer, d) bottom layer. The 
“X’s” on the SEM image indicate the approximate where the spectra were collected with 
reference to the layer interface. 
  
a) 
 
b) 
 
c) 
 
d) 
 
X 
X 
X 
X 
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Figure 2.5. Reference spectrum of unreacted LSAM. This spectrum is the reference for 
Figure 2.4 layer a).  
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Figure 2.6. Reference spectrum of SrZrO3, the reaction product of equimolar quantities 
of SrCO3 and ZrO2 reacted at 900 
o
C. This spectrum is the reference for Figure 2.4 layer 
b). 
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Figure 2.7. Reference spectrum of the reaction product of 1:18 mol Mn2O3:YTZP at 
1300 
o
C for 3 hours. This spectrum is the reference for Figure 2.4 layer c).  The reaction 
product is cubic zirconia as expected from 
5
.  
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Figure 2.8. Reference spectrum of TOSOH YTZP powder. This spectrum is the 
reference for Figure 2.4 layer d). 
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Figure 2.9. Electrical characterization of sintered LSAM nanoparticles a) Nyquist plots 
and b) Arrhenius plot from which activation energy is acquired in air (the impedance 
value used for determination of activation energy was the resistance of the low frequency 
intercept minus the resistance of the high frequency intercept). The origin is shifted 
slightly below zero to show that the Z” response is actually positive at high frequency 
(pink trace). 
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Figure 2.10. Diagram of sensor showing gas and electrical lines where a) focuses on the 
equipment and instrumentation associated with the experiment and b) focuses on a close 
up of the sensor itself inside a quartz tube sensing environment mounted in the tube 
furnace.  
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Figure 2.11. Potentiometric sensing data for a sensor based on YTZP and LSAM. Sensor 
a) trace with a baseline 21% oxygen in a balance of nitrogen flowing against a reference 
of lab air.  The percentage listed next to the perturbation in response voltage is the new 
concentration of O2 flowing into the sensing environment.  Off indicates a switch back to 
21%. Plot b) shows that the response of the sensor is Nernstian.   
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Chapter 3. Silicon MEMS-based Potentiometric High Temperature Chemical 
Sensor Platforms 
 
3.1. Introduction 
 
Chemical gas sensors are extensively studied for a wide variety of applications, 
including combustion control in environmental and biomedical industries. Adapting 
silicon-based manufacturing practices for design of harsh environment chemical sensors 
can have significant impact on miniaturizability and cost, as has already been 
accomplished with MEMS-based physical sensors. There is a large push to produce 
electrochemical devices to detect biologically relevant gases in the breath or harmful 
gases in the environment with MEMS-based chemical sensors. The integration of these 
technologies into smart phones, tablets, wrist watches, and other portal wearable devices 
is the next frontier in electrochemical sensing. 
The long term goal of this research project is to develop a MEMS-type platform that is 
usable for a suite of sensors. Development of a general platform that could be adapted for 
electrochemical sensing by substituting different electrochemical materials and 
microstructures could lead to massive reductions in the cost of electrochemical sensing, 
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as well as reduce the footprint and power consumption, making sensors based off the 
platform compatible with the above wearable devices.  
MEMS type sensors like the one proposed here are made several thousand at a time on 
150 – 300 mm wafers of crystalline silicon. The ability to quickly make so many from 
such a small amount of materials is the primary source of cost savings, and our estimates 
indicate that O2, NOx, and CO2 sensors made by these methods could be produced for $3 
– 5 per sensor. For reference, oxygen lambda sensors for cars are typically about $10 to 
produce and oxygen sensors for coal plants are about $2,000 – $3,000 to produce. NOx 
sensors can be about the cost of an automotive lambda sensor to tens of thousands of 
dollars depending on the application. 
Ceramic oxygen sensors are the most commonly used sensor with hundreds of millions 
in use on the road today.
1–3
 A crucial part of combustion control,
4
 these sensors are ever 
more ubiquitous as the EPA and other regulatory agencies enforce ever stricter standards 
on emission control. Reduction in the cost of oxygen sensors therefore has the largest 
near term potential impact with reductions in cost also opening up increased utilization 
for cleaner burning combustion technologies. 
Our group and others have studied air-reference free high temperature oxygen sensors, 
and methods of producing these devices.
5,6
 In these sensors, there is the need for a sealed 
cavity that produces a fixed internal partial pressure of oxygen. The difference between 
this fixed internal reference oxygen partial pressure and the pressure of oxygen on the 
outside across an oxygen ion conducting electrolyte leads to a measurable electromotive 
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potential. The challenge is to seal the reference chamber, and several strategies using 
glues or high temperature/pressure bonding methods have been reported.
5–7
   
The design of one such device by our group is shown in Figure 3.1.
5
 The key aspect to 
this design is the creation of a hermetically sealed reference cavity with a fixed partial 
pressure of oxygen using a Pd/PdO mixture. This reference cavity was formed by sealing 
several pieces of yttria stabilized zirconia YSZ, as shown in Figure 3.1a to produce the 
structure shown in Figure 3.1b. Typical temperatures and pressures used to accomplish 
bonding between the two YSZ pieces were 1250 
o
C – 1350 oC and 50 MPa. The bonding 
occurred through plastic deformation of the ceramic pieces by grain boundary sliding. 
Such devices are typically fabricated one at a time. The Pt electrodes both on the surface 
and within the cavity are used to measure the electromotive force (potential difference) 
across the oxygen-ion conducting YSZ due to the difference in oxygen partial pressures. 
This sensor platform has also been adapted to simultaneous measurement of NOx and O2.
8
 
In addition to the cost benefits, sensor fabrication using silicon-based strategies is 
attractive due to the detailed understanding of silicon and it’s processing, as well as the 
large existing manufacturing infrastructure. Such strategies have already been used to 
create a variety of buried cavity-like devices for MEMS through the bonding of patterned 
or structured layers, and are the basis for pressure sensors.
9,10
  Bonding is carried out at 
the wafer scale, resulting in significant miniaturization, and parallel manufacture with 
reduced cost.   
The goal of the current study is to apply the concepts developed for creating cavities in 
MEMS-based mechanical devices to chemical gas sensing. The objective is to exploit the 
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wafer level bonding with silicon to create a hermetically sealed reference cavity for 
design of an oxygen sensor. Hydrophilic bonding is well established to produce silicon 
wafer-based devices because it can be initiated at room temperature and then annealed to 
as low as 200 – 300 oC in some cases 11,12 making the bonding method more versatile 
than the hot isostatic pressing methods used for oxygen sensors (Figure 3.1) in Chapter 2 
of this dissertation. Similar devices based on silicon have recently been fabricated, by the 
Morante group, however the sensor operates on an external air reference, indicating that 
air still needs to be brought in to the sensor via an external source.
13
 
Chemical sensor platforms using silicon manufacturing techniques will result in 
miniaturizable sensors with parallel manufacture of many sensors from a single wafer. 
Fabrication of such devices for harsh environment chemical sensors has been discussed, 
but not yet fully realized.
14
 Our novel fabrication strategy is shown in Figure 3.2a 
whereby two pieces of patterned silicon are bonded by hydrophilic bonding to produce 
the device shown in Figure 3.2b. The top chip is called the membrane chip and the 
bottom chip is called the reference chip. The interfaces, which are covered in various 
native or thin thermal oxides, bond to produce the seal indicated by an arrow in 3.2b). 
The seal produces a cavity (8) that contains a pair of Pt electrodes (3), the electrolyte 
YSZ (4), and a metal/metal oxide mixture like Pd/PdO (5) as is required for a self-
referenced oxygen sensor. Note the parallel attributes with Figure 3.1, which used high 
temperature/pressure ceramic bonding. This design is based off of work previously done 
in our group,
5,6
 discussed in great detail in Chapter 2.  Not shown in Figure 3.2 are Pt 
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pads on the outside for attaching wires and the etched silicon indicated by the dashed 
lines in Figure 3.2b.   
This dissertation will cover the development of the bonding method that can produce 
the sensor platform and the challenging issues related to hydrophilic bonding with 
creation of gases and with different stresses induced at the interface by the necessary 
protective thin films. Also covered is the etching studies required to access the 
electrochemical elements inside the sensor and characterization and processing of the 
electrodes, vias, and electrode via contacts. 
 
3.2. Experimental 
 
This project was a collaboration between The Ohio State University, SUNY Albany, 
College of Nanoscale Science and Engineering, MicroAdventure Technologies, and 
Makel Engineering. Michael Carpenter and Vitor Rossi at SUNY performed all YSZ, 
PdO, Ta, and Pt deposition and developed wet etching methods. The scanning acoustic 
microscopy imaging was also performed at SUNY. Marek Kowarz designed the reference 
and membrane wafers for sample development and redesigned them several times to meet 
our changing needs and requirements. Fabrication of these wafers involved Si3N4, SiO2, 
and via deposition, Si dry etching, and sample dicing. These processes were performed at 
Smart System Technology and Commercialization Center (STC). At The Ohio State 
University we developed and performed all bonding experiments, performed electrical 
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experiments on electrodes and vias and tested the thermal stability of these elements. 
Custom holders for etching were also developed here and fabricated in The Ohio State 
University machine shop by Larry Antal.    
 
3.2.1. Sample description 
 
Table 3.1 shows the various sample types that were bonded, and the structural details. 
These include top membrane silicon samples with (M2) and without (M1) a 200 nm 
stoichiometric LPCVD Si3N4 backside film, and a sample (M3) with Si3N4 backside film 
and a 50 nm sputtered YSZ front side film. A layer of thermally grown SiO2 with 
thicknesses of 10-50 nm was present on the bonding surface. The bottom reference 
silicon sample had only a native oxide film on its bonding surface. Four types of 
reference samples were studied. These include samples with a cavity (R1), a waffle 
pattern on the wafer also with a cavity (R2), and R2 type samples with a Si3N4 backside 
film (R3), and R3 type samples with PdO deposited in the cavity (R4). The cavity and 
waffle patterns were formed using deep reactive ion etching (DRIE) of 150 mm silicon 
wafers. Each diced sample used for bonding studies was 30 mm by 15 mm in size with 8 
individual 7.5 mm by 7.5 mm cell designs.  The mm scale cavities in each cell of the 
reference sample, henceforth called the device cavities, had variable dimensions, which 
are summarized in Table 3.2. Figure 3.2c is a drawing of the horizontal cross section of 
all of the cavities in each cell labelled. All samples during imaging are oriented this way 
for clarity. The waffle pattern on the reference wafer (R2, R3, R4) consisted of 50 µm 
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deep and 225 x 225 µm across cavities with 25 µm ridges in a cross hatch or waffle 
pattern of cavities surrounding the device cavities. The device and waffle cavities are 
further surrounded by a mm scale flat silicon boundary. The stoichiometric LPCVD 
Si3N4 film on the non-bonding side of the wafer was added to protect the films during 
further processing.  
A secondary set of waffle patterned samples was prepared after considerable bonding 
experiments with the design changes shown in Figure 3.2d (M4-6, R5-6 Table 3.1). The 
new membrane and reference die samples were 20 mm by 30 mm with 10 mm by 10 mm 
cell designs. DRIE pattern in each cell was exactly the same for each sample and the 
dimensions were 6 mm by 6 mm.  The new feature was that device and waffle cavities 
were surrounded by a secondary mm scale flat silicon boundary called an etch stop to 
reduce side etching during etch studies. 
 
3.2.2. Vapor deposition and die fabrication 
 
YSZ, PdO, Ta, and Pt films were deposited by SUNY Albany. The YSZ and PdO films 
were sputtered from PVD targets consisting of 99.95% Pd and 99.9% YSZ, 5% weight 
yttria in an argon environment. The Pd films were deposited at 5 mTorr at 40 W and were 
30 nm thick and were subsequently annealed in air to produce the PdO film. The YSZ 
films were deposited at 2 mTorr and 200 W and were 200 nm thick. Ta and Pt films were 
deposited in an in house made system with a Thermionics high capacity e-gun. The beam 
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voltage was 10 kV and maximum current was 1 Amp. For Ta deposition 58-60% of max 
power was used. For Pt 48-49.5% of max power was used. 
 
3.2.3. Imaging 
 
SAM images were collected on a Sonix Vision acoustic microscope. The transducer 
scans at a speed of 150 mm/min at a frequency of 110 Hz resulting in a resolution of 
approximately 20 μm. The time of flight of the reflected signal correlates with the density 
of the material and the WinIC software (by Sonix) generates a brightness map. Lower 
density areas (voids) are depicted as bright regions on the image. Higher density areas 
(bonded surfaces) are displayed as dark regions. 
3D sample mapping and bowing measurements of the sample chip were determined on 
a Zygo NewView 7300 Optical Surface Profiler.  For bow measurements, the entire 30 
mm by 15 mm surface of each part was measured using automated stage stitching and the 
lowest available magnification, 2.5X objective with 0.5X zoom. A point radius of 
curvature was determined for each sample from the fitted data using the approximate 
center point of each sample where vertical displacement from the ends was greatest. 
These radii were used for stress calculations. 
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3.2.4. Bonding 
 
Bonds could be performed at the chip level after being diced in a dicing saw if they 
were coated with resist or cover tape prior to dicing and cleaned with a jet of water prior 
to stripping. Samples to be bonded were lightly sonicated in a solution of 1 drop Triton 
X-100 to 100 mL H2O and then cleaned using a standard solvent clean method. This 
included several seconds of washing with acetone on all sides of the sample, cleaning the 
tweezer with acetone for a few seconds, then holding the sample on the opposite end and 
cleaning with acetone for several seconds again, all with intermittent drying. This step 
was then repeated with isopropyl alcohol. After solvent cleaning, two different 
RCA/plasma type methods were used to prepare samples for bonding. 
 In the method A, piranha (3:1 H2SO4:H2O2) was used at 120 
o
C for 10 minutes to 
remove organics, then Standard Clean (SC1) (5:1:1 H2O: H2O2:NH4OH) was used at 70 
o
C for 10 minutes was used for particulate removal and hydrophilization of the surface. 
Samples were then activated in a Technics bench top RIE O2 plasma at 100-103 Watts 
with a 80-83 mtorr operating pressure for 30 seconds in accordance with studies showing 
that plasma activation of both native and thermal oxides prior to bonding will increase the 
bond strength.
15–17
  In method B, the samples were cleaned with piranha for 10 minutes, 
then 10:1 NH4F:HF Buffered Oxide Etch (BOE) for 5 seconds at room temperature to 
remove the native oxide, plasma activated using the same parameters to regrow the oxide, 
and then placed in SC1 for 10 minutes. Samples were transferred between different 
etchant solutions in a Teflon sample holder shown in Figure 3.3, dimensions and 
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additional images shown in Appendix B.2. Table 3.3 summarizes the two surface 
preparation methods. All samples of the 15 mm by 30 mm size were prepared with 
surface preparation method 1. All samples of the 20 mm by 30 mm size were prepared 
with surface preparation method 2. 
Bonding was performed after wetting with DI water and drying, contact was 
established by pressing the tips of a pair of forceps in the center of the stacked chips. 
Samples were aligned in an “L” shaped Teflon holder shown in Figure 3.4, additional 
images shown in Appendix B.3, to partially restrict two degrees of freedom. Samples 
were annealed at 50-52 
o
C for 48 hours without pressure, or 12 hours with 5 MPa 
(adjusted for waffle and cavity pattern contact area). Samples that required pressure 
during aging were also under pressure up to 310 
o
C, whereupon they could be removed 
and heated to Tmax (300-1200 
o
C) for 2 hours in a conventional oven. Samples that did 
not require pressure in a bonder were taken straight to Tmax for 2 hours after aging. 
Samples requiring pressure were aged at 52 
o
C for 12 hours and annealed at 310 
o
C in an 
EVG 520HE semi-automated hot embossing system. Table 3.4 describes the two bonding 
methods, differentiated based on the applied pressure during bonding. Annealing on 
bonded samples after the addition of vias to the samples were heated to 600 
o
C for 1 hour 
in 5% H2 with a balance of N2 to prevent oxidation of the vias. Heating to 300 
o
C under 
pressure during initial bonding in ambient was also performed. 
 
 
85 
 
 
 
3.2.5 Electrode stability studies 
 
Electrodes were deposited by vapor deposition on silicon with a thermal oxide, 10 nm 
Ta interlayer and 50 to 300 nm. This pattern corresponds to one electrode pattern in 3) of 
Figure 3.2a. They were tested electrically during heated experiments by an Agilent 
34972A LXI Data Acquisition / Switch Unit and single point electrical measurements in 
between runs were measured using an Elenco Model M-1000E Digital Multimeter. 
Sample heating was performed in a Lindburg Blue tube furnace Type TF55035A. SEM 
images of samples before and after heat treatment were collected using an FEI Nova 400 
NanoSEM. 
Electrodes were heated to different temperatures (500 
o
C – 900 oC) in air and nitrogen 
to determine thermal stability in different environments. Maximum temperature was 
typically 2 hours unless otherwise noted and ramp rate was 10 
o
C/minute. Cooling rate 
was natural cooling rate in furnace upon shutting off power to the heating elements. In 
continuous monitoring electrical experiments, wires had to be attached to the electrode to 
connect to the data acquisition unit. Pt wires were attached with Pt ink with calcining 
temperatures of 600 
o
C for 2 hours. 
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3.2.6. Via/electrode interconnects 
 
Via electrode interconnect were tested between polysilicon vias and the Ta/Pt films 
described in 3.2.5. Prior to electrode deposition samples were etched with BOE 10:1 for 
10 seconds to remove native oxide on the vias. Samples consisted of a single electrode 
film deposited across two sets of vias. Pt pads were deposited on the other side of the 
silicon. Pt pads were deposited on the opposite side of the Pt electrode film. SEM images 
were collected of the films over top of the vias before and after heating using an FEI 
Nova 400 NanoSEM. Heating was performed in a Lindburg Blue tube furnace Type 
TF55035A. Sample resistance across the Pt pad/via/electrode/via/Pt pad was collected 
using Elenco Model M-1000E Digital Multimeter. 
Heated and unheated samples were also characterized using a Kratos Axis Ultra X-ray 
Photoelectron Spectrometer. Data was collected over a large window ~2.5 x 2.5 mm area 
of Pt film, SiO2 thermal oxide, and several vias. Intensity maps were collected between 
74-69 eV and 108-99 eV for Pt 4f and Si 2p orbitals, respectively, at 0.25 eV intervals. 
Energies reported here are adjusted to a 285.0 eV carbon main peak. 
 
3.2.7. Etch studies 
 
Etching of Si/SiO2 with Si3N4 masks was performed in 24 wt% KOH in 60 mL H2O. 
To this solution 24 mL isopropyl alcohol is added. Etching takes place at 80 
o
C over 
87 
 
 
 
several hours, depending on sample thickness. An average amount of time to etch was 5 
to 6 hours. Some samples were placed in a beaker of KOH, sometimes with teflon tape, 
capton tape, or deposited oxide on the sides of the samples where there was no Si3N4 
coverage. Several custom holders designed by the author were built by Larry Antal in the 
Ohio State machine shop for various purposes. The details of these holder dimensions 
and usage are in Appendix B. 
 
3.3. Results and Discussion 
 
3.3.1 Structure 
 
Figure 3.5a is a schematic of one cell in the chip level reference sample R1. Each of the 
eight cells within a sample consists of an interfacial area and at least one mm scale device 
cavity. The cavities embedded in different parts of the bonded chips are entirely 
dependent on the DRIE pattern in the reference chip. Figure 3.5b shows a perspective 
view of the surface profile of an unbonded reference chip with xyz scales. Chips R2, R3 
and R4 all have similar device cavities. The membrane chips (M1, M2) are completely 
unstructured on the bonding side and M3 has YSZ sputtered so as to fit inside the device 
cavities in R1-R4. 
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3.3.2. Bonding and imaging 
 
The purpose of bonding experiments is to form a sealed cavity inside the silicon device 
body that will be the reference environment for the finished device. As more films, 
features, and microstructures are added to basic pieces of silicon through successive 
addition the bonding process becomes more and more complicated. Bonding protocol 
was reoptimized after each successive addition to produce acceptable bonds with the new 
elements of the eventual device in place.  Additional changes to bonding methodology 
were also required to accommodate the etch protector Si3N4 films on the back and front 
of the sample that are necessary for later etching steps in the device fabrication process 
flow. 
Preliminary bonding experiments were performed using an isostatic hot press using 
methods described in Chapter 2 (15-30 MPa and 1200 
o
C) between two pieces of native 
oxide coated silicon, however it quickly became evident that such conditions destroy the 
sample surface due to high temperatures, pressures, and an insufficiently clean bonding 
environment. The decision to move to a cleanroom environment was based on the results 
of these early bonded samples, which were heavily oxidized in every case. Samples still 
could not be bonded in the clean room because there was no high temperature bonder and 
efforts to clean and contact samples to bond in the clean room and then press them in the 
isostatic hot press also failed. Then hydrophilic bonding method was discovered in the 
literature.
9,11,17,18
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The hydrophilic bonding method, sometimes called the direct bonding method, refers 
to the bonding at room temperature of atomically clean and smooth hydrophilic surfaces. 
The surfaces of two samples are rendered extremely clean and hydrophilic using strong 
acids, bases, and oxidizers. These surfaces usually are silicon covered in native oxide (1-
3 nm SiO2) on one sample and thermal oxide (50 - 1000 nm SiO2). The samples are then 
contacted at room temperature, bonding initially using van der Waal’s forces, which 
mature into a covalent bond given enough time and/or annealing. A scheme describing 
the surface chemistry of bonding is shown in Figure 3.6.  
Prior to step 1 shown in Figure 3.6, the samples were cleaned with a solution of SC1. 
This removes small particles and renders the surface very hydrophilic. The surface is also 
prepared with an oxygen plasma activation step, which renders the surface very 
hydrophilic and induces subsurface damage to the oxide, forming a potential reservoir for 
water molecules, which enables low temperature diffusion important in later steps.
17
 In 
the current study to achieve step 1 a piranha step described in the experimental section 
was also added to remove organic contamination from protector tapes used in sample 
fabrication and dicing (Table 3.3 method A and B). In samples containing vias, PdO, and 
YSZ films (M3, M5, and M6) a BOE step was also added (Table 3.3 method B). This 
step was added in order to remove the native oxide and the surface of the thermal oxides 
at the bonding interfaces of M and R samples so that they would be clean of ionic and 
metal oxide contamination from the metal film depositions.
12
 This essentially acts as a lift 
off to remove potential oxide contamination prior to SC1 and plasma cleaning. The SC1 
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step can roughen silicon that does not have a native oxide on it, so the plasma activation 
step was moved before the SC1 clean for method B.  
After the piranha, SC1, plasma in method A or piranha, BOE, plasma, SC1 series in 
method B (Table 3.3) the samples were wet,  quickly dried and bonded by placing the 
unbonded samples on top of one another and pressing lightly in the center to produce step 
1 in Figure 3.6. The bond at this point is a van der Waals bond between a few monolayers 
of water that make contact between the silanols on each wafer surface. These water 
molecules quickly diffuse into the oxides of the wafers, principally the thicker thermal 
oxide, leading to step 2 where there is direct contact between wafers by their silanols. 
Step 3 is the condensation reaction between silanols on opposite wafer surfaces leading to 
loss of one water molecule according to equation 1. These first three steps can all occur 
without heating if the sample is plasma activated. Step 4 is a densification step that 
requires heating regardless of plasma activation and is required for full bond strength of 
2.5 J/m
2
. 
 
2SiOH  SiOSi + H2O        (1) 
 
Figure 3.7 shows SAM images of a single hydrophilic bonded sample created from 
membrane sample M1 and reference sample R1 joined at room temperature and then 
annealed for two hours using method 1 in N2 at 300, 600, 900, and 1200 
o
C, with SAM 
images collected between each separate annealing temperature (Method A and 1 Table 
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3.3 Table 3.4). Dark areas indicate bonded space and white (or lighter) areas are 
unbonded. In addition to the expected device cavities, there are also irregular and circular 
white spaces indicative of voids at the interface. If the sample was bonded properly, the 
only void spaces that should be observed in the SAM are the device cavities (Figure 3a).  
These additional irregularly shaped bubbles are believed to be caused by gases that 
evolve and clearly have the potential to breach the device cavities, thereby making 
hermaticity difficult and reducing bond strength.
9,19
   
 
3.3.3. Void formation  
 
Voids can form at the interface of bonded wafers of Si via the combustion of residual 
hydrocarbons, excess water, or the formation of H2 gas when heated to about 300 
o
C.
18,20
 
The H2 gas is formed when water located at the interface during hydrophilic bonding 
diffuses across the native oxide to neighboring Si and reacts to form SiO2 (equation 2). 
The use of silicon with only native oxides for the reference sample (R1-R4) ensures that 
the water produced can migrate through the native oxide and react with silicon to form 
H2.
21
 It is reported that ~4.3 x 10
15
 atomic H/cm evolves from a surface with 
approximately two monolayers of water. Hydrogen produced in this fashion then diffuses 
back to the interface to form pockets of H2 gas, which can affect bond quality and prevent 
hermaticity of structured cavities.
19,22,23
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Si + 2 H2O  SiO2 + 2 H2       (2) 
 
The formation of SiO2 is however useful to the fabrication of a good bond provided 
that the H2 has a place to percolate to without forming voids. Water diffuses from the 
thermal oxide subsurface reservoirs and interfacial spaces towards the bulk silicon on the 
native oxide wafer. The silicon there reacts to form SiO2, which pushes material into the 
interface to fill void spaces to reduce free surface area and total energy.
17
 The chemistry 
described by equation 2 can therefore be useful in realizing the mechanism in Figure 3.6 
or deleterious if H2 percolation is not appropriately addressed. 
 
3.3.4. Void removal  
 
The three methods for preventing voids are to keep bonding temperatures below the 
percolation threshold, utilize a thicker thermal oxide, which acts as a sink for H2, or 
introduce microstructural cavities to act as a hydrogen trap.
17–19,21–24
 For chemical sensing 
applications the YSZ needs to heat to at least 450 
o
C in order to conduct ions. This is 
above the H2 percolation threshold of 200-300 
o
C and so this option is not viable. 
Likewise, it can be undesirable to have a thick thermal oxide. Previous studies have 
determined that cavities can prevent hydrogen void formation by allowing a space for 
hydrogen to diffuse into prior to nucleating at the interface.
9,19,21
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Our proposed solution to hydrogen void formation is a waffle pattern of cavities in the 
reference sample (R2-R4), as illustrated by the drawing in Figure 3.8a (Method A and 1 
Tables 3.3 and 3.4). The surface profile of a section of these microstructural waffle 
patterned cavities from one of the reference wafer cells holding two of the mm sized 
cavities is shown in Figure 3.8b. Figure 3.9a shows SAM images of a single bonded pair 
consisting of membrane sample M1 and reference sample R2 joined at room temperature 
and then annealed for two hours using method 1 in N2 at 300, 600, 900, and 1200 
o
C with 
SAM images collected between each separate annealing temperature. The regular cross 
hatch pattern around the device cavities is the waffle pattern, which is also seen in the 
SEM image in Figure 3.9b. Thick dark lines surrounding the device cavities indicate 
good bonding. At 300 
o
C, a good bond was established over most of the sample, however 
bonding was poor around much of the edges. The lack of voids indicates that the gases 
are accommodated into the cavities formed by the waffle pattern. Interface bubbles are 
less manifested if there are cavities closely spaced together, since the evolved gases can 
collect within the cavities. If every liberated hydrogen atom percolated into the cavities of 
a 1 cm
2
 sample of waffle patterned silicon, hydrogen would contribute only 0.12 atm of 
pressure inside the cavities at 600 
o
C. A study of similar bonding procedures and 
microstructure measured a maximum of 0.16 atm partial pressure of hydrogen for cavities 
that were of similar size used in this study, less when the density of cavities was greater.
9
 
The use of the waffle pattern also minimizes the possibility of damaging pressure 
increases within the sealed cavities.
9 
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After annealing at 600 
o
C the sample showed considerable improvement at the edges, 
however bonding is still not ideal, particularly where the sample was held by the forceps 
during bonding. The improvement in bonding between 300 and 600 
o
C is possibly due to 
the continued reaction of H2O with the Si, resulting in SiO2 that fills the voids and further 
condensation of Si-OH groups.
17
 At temperatures < 400 
o
C, water dissociates and forms 
oxides.  Between 400 – 800 oC, Si – O – Si bonds form with disappearance of –OH 
groups, with no O-H groups observed with 900 
o
C anneal.
25–28
  
At 900 
o
C the bond quality appears nearly homogeneous even at the edges.  Higher 
temperatures improve the interface bonding and the dependence of bond energy on 
annealing temperature has been previously studied.
22
 Interface water has been noted up to 
temperatures of 800 
o
C.
29
 Above 800 
o
C, the loss of water and condensation of Si-O-Si 
has been proposed as the mechanism for improved bonding at elevated temperatures. 
Furthermore, at higher annealing temperature, all the H2O molecules react and the H2 
formed as a by-product of the condensation reaction can also be absorbed by the Si at 
temperatures above 900 
o
C.
12
 IR spectroscopy suggests that at low temperature, layers of 
water provide bonding via H bonds.  At temperatures above 850 
o
C, void elimination can 
also occur by atom diffusion processes resulting in viscous flow of the oxides facilitating 
bonding.
15,30
 Higher temperature treatments are necessary to improve bonding since the 
quality of surface polish with these wafers is not good enough for only chemical reactions 
and elastic displacements to be completely effective in wafer bonding.
31
 The reduction in 
surface polish can be explained by the addition of surface microstructure, film deposition, 
and most of all dice cutting of die samples, which all can damage the surface and explain 
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why higher temperatures help to accommodate larger surface asperities that cannot be 
accommodated by sample cleaning and elastic deformation in sample bodies. 
 
3.3.5. Si3N4 coated samples 
 
We also investigated the bonding of Si3N4 coated reference (R3, R4) and membrane 
(M2, M3) samples. These Si3N4 films (Figure 3.2) are necessary to protect the wafer from 
subsequent etching steps, since the procedure for sensor fabrication involves aligned 
bonding of pattern wafers, followed by selective KOH etching to expose the YSZ 
membrane. The Si overtop of the YSZ is selectively etched because Si3N4 films do not 
cover the area over YSZ.  The etched area corresponds to the area inside the dotted lines 
in Figure 3.2.b.  
However, tensile Si3N4 films on either side of the reference and membrane samples 
result in bowing away from the bonding interface and the formation of residual stresses in 
the bonded samples. The stresses can be calculated from bowing data using the Stoney 
equation 
32
 (equation 3) and the elastic constituent equation (equation 4).  
 
𝜎 =
𝐸
1−𝑣𝑠
𝑡𝑠
2
6𝑡𝑓
(
1
𝑟1
−
1
𝑟2
)        (3) 
𝜎𝑡𝑜𝑡𝑎𝑙 = (∑ 𝜎𝑖𝑡𝑖)
1
𝑡𝑡𝑜𝑡𝑎𝑙
𝑁
𝑖=1        (4) 
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Where σ is the film stress, E is the Young’s modulus, νs is Poisson’s ratio, s and f indicate 
substrate and film, t is thickness, and r is the radius of curvature before (1) and after (2) 
film deposition. The total Si3N4/SiO2 film stresses on the membrane (M2, M3) and 
reference samples (R3,R4) were measured as 1010 MPa and 1200 MPa, respectively.  
When only one sample had a tensile film at the surface (e.g. M2 with R1), bonding as 
noted in Figure 3.9 resulted in bonds that were of similar quality to samples with no 
tensile films (M1 and R1). However, when both reference and membrane samples had 
Si3N4 coating (M2 and R3 with 200 nm and 300 nm Si3N4 films, respectively), with the 
nitride in both cases being opposite the bonding interface, bonding by hydrophilic 
bonding was not adequate. The SAM image in Figure 3.10a indicates that with these 
samples, only the center bonded (Method A 2 Tables 3.3 and 3.4). Figure 3.10b is a 
drawing illustrating that the two samples to be bonded, both with backside Si3N4 films, 
are bowing away from one another to such an extent that the standard hydrophilic 
bonding method cannot be used to uniformly bond them together.  
It has been reported that prime grade 4
´´
 silicon wafers (0.5 mm) can bond with a bow 
of ~25 µm.
18
  Thin wafers can accommodate more deviation from flatness and still bond. 
The sample bowing in M2-M3 and R2-R4 samples was 87 μm and 51 μm, respectively 
when the sample bow was fit to a parabola and extended to a 4” sample. While this is 
clearly an estimate, it explains why achieving a good bond is not possible in samples 
when both membrane and reference samples have significant tensile bowing. 
 
To circumvent these limitations, bonding method 2 (Table 3.4) was developed. For this 
procedure, pressure was applied during aging and the first stages of annealing with a hot 
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embosser for M2 and R3 samples. The sample stack is prebonded and then left to age 
under 5 MPa compressive stress for 12 hours before being annealed at 310 
o
C for 2 hours. 
Afterwards the sample was heated to 1200 
o
C without pressure. It is clear from Figure 
3.10c that with pressure, the low temperature bond with a subsequent annealing step was 
sufficient to bond the bowed sample without development of macroscopic defects, or 
bubbles.  
At this point in the bonding optimization, cavities are well sealed, as determined by 
SAM. The sample can accommodate hydrogen byproducts from the bonding experiments 
and has top and back side etch protection from the Si3N4 films. Deposition of active 
electrochemically relevant films YSZ and PdO is the next step in building the sensor. 
 
 3.3.6. YSZ and PdO containing samples  
 
The function of the YSZ and PdO films are described in Chapters 1 and 2. Their 
incorporation into the sensor device in this chapter is shown in Figure 3.2. The YSZ film 
in conjunction with the electrodes is designed to act as the actual sensing element in the 
completed oxygen sensor. YSZ can conduct oxygen ions and at the triple point boundary 
between YSZ, Pt, and air, Pt can catalyze the reduction of molecular oxygen to charge 
carry oxanions according to equation 5. A Nernst potential is generated in between the 
internal reference and the external environment according to equation 6 where ‘R’ is the 
ideal gas constant, ‘T’ is temperature in Kelvin, ‘n’ is the number of electrons in the 
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process, ‘F’ is the Faraday constant, and ‘a’ is the activity of oxygen in the sensing and 
reference environments.  
 
O2 + 4e
-
  2O2-         (5) 
E =
−𝑅𝑇
𝑛𝐹
ln⁡(
𝑎𝑠𝑒𝑛𝑠𝑖𝑛𝑔
𝑎𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
)               (6)  
 
The PdO films are in equilibrium with O2 in the reference atmosphere and partially 
oxidized films of Pd/PdO mixture will adjust oxidation level accord to Gibbs free energy 
at a particular temperature according to equation 7. The values of Gibbs free energy of 
formation for PdO have been calculated in the literature, which will determine the oxygen 
concentration inside the cavity.
33
 The concentration of oxygen in the sensing atmosphere 
can be determined using equation 6 as long as the temperature is known. 
 
 2Pd + O2  2PdO        (7) 
 
Figure 3.11a shows a characteristic Raman spectrum of the YSZ thin film on 
membrane chip (M3) with an optical image of the film as an inset, and Figure 3.11b 
shows a characteristic Raman spectrum of the PdO thin film on the reference chip (R4) 
with an optical image of the film as an inset. These two wafers (M3 and R4 with Si3N4 
coating, see Table 3.1) were bonded by applying pressure (as shown in Figure 3.10) using 
method 2, and SAM image of the bonded chip is shown in Figure 3.11c. Except for a 
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particle (marked by an arrow), this bonding result is very promising and this method will 
be used for continued development of these oxygen sensors. 
The trend in decreasing bond quality is also observed on the second set of samples M4-
6 and R5-6. Figure 3.12a shows an SAM image of a sample that is well bonded even after 
annealing only to 310 
o
C (Method 2 B Tables 3.3 and 3.4). In Figure 3.12b vias have 
been added to the sample and the bond quality suffers even after annealing to 700 
o
C. 
After addition of all electrochemically active films in Figure 3.12c, it is observed that 
bond quality is poor. However, it appears that 2-3 of the cells are still hermetic despite 
difficulties in producing a good bond. It is important to note that the samples bonded in 
Figure 3.12c have all structures and films present inside the cavities required for 
producing a sensor. The vias are also present. The exterior Ta/Pt films were left off until 
after bonding. 
 
3.3.7. Electrode characterization 
 
Electrode stability is crucial to the performance of a completed sensor and reduction of 
oxygen at the tpb of YSZ, air, and Pt electrodes cannot occur if the Pt electrodes 
delaminate. Pt thin films do not adhere well to SiO2 or other oxides. For this reason layers 
of Ta or Ti are used in the literature as a 10-30 nm interlayer to increase adhesion to 
SiO2.
34
 A 10 nm Ta interlayer is deposited prior to deposition of 200 - 300 nm Pt for 
electrodes and pads in this study in order to improve surface adhesion and improve 
thermal stability. Figure 3.13a shows a resistance and temperature vs. time scale for 
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electrodes deposited on SiO2 and then annealed at 700 
o
C over the next few days in air. 
After about 72 hours at maximum temperature the resistance begins to increase very 
rapidly, note the logarithmic scale. The increase in resistance is due to the initial 
formation of a granular structure, which leads into gradual ripening and pulling away of 
the film from the substrate. Over time the grains of Ta/Pt separate from one another and 
form isolated islands and longer strings of mostly separated metal grains. These isolated 
islands and strings can be observed in Figure 3.13b. At this point the resistance has 
jumped into the megaohms and after additional heating of different samples resistance 
overload of the 10 gigaohm multimeter is possible. 
Figure 3.14a shows the same experiment, only the first 4 days the sample is heated in 
N2 prior to heating for a few days in air. Note the linear resistance scale. The stability of 
the film is considerably improved if the sample is annealed at the highest temperatures. 
Samples heated this way recover to initial resistance (17-20 Ω) prior to annealing within 
several ohms even after days. Samples heated to 600 
o
C or less in air or N2 will also 
recover to within 20-24 Ω. Figure 3.14b shows an SEM of the electrode from the trace in 
Figure 3.14a. The formation of pinholes is observed for films in the literature,
34
 however 
they remain isolated despite continued heating and do not lead to electrical breakdown 
over the course of several days. 
From Figure 3.14, it is clear that annealing at maximum temperature is best done in N2 
to prevent the oxygen assisted delamination of Ta/Pt films. In addition, it is desirable to 
anneal at the highest temperature possible. This is because in completed samples the 
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electrodes will be buried in the device cavity of a sensor body, which needs to be sealed. 
Higher temperatures will help to produce a superior seal.  
Ta/Pt electrodes will be deposited on YSZ as well as SiO2. A picture of a membrane 
die used for bonding with Ta/Pt and YSZ on it is shown in Figure 3.15. This is one of the 
samples bonded to produce the SAM image in Figure 3.12c. Ta/Pt electrodes are comb 
shaped with two pads on either side. One electrode is oriented vertically under the YSZ 
film and another is oriented horizontally over the YSZ film. The pink area is the YSZ 
film and any bluish area on the Ta/Pt electrode is the YSZ film over top of the Ta/Pt film. 
Vias are 50 x 10 μm and are too small to see without a microscope, however there are 10 
on every Ta/Pt pad. 
Because Ta/Pt will have to be deposited both on SiO2 and on YSZ, it is important to 
know what safe annealing temperatures are on both materials. Figure 3.16 shows 
annealing at different temperatures in 20 
o
C and 10 hour steps for electrodes on a) YSZ 
and b) SiO2 in N2. Looking at the steps in resistance increase 740 
o
C for YSZ and 720 
o
C 
for SiO2 are the maximum temperatures at which the electrode can be operated without 
steady increase in resistance. These data show that sample annealing temperatures at 720 
o
C in N2 will produce stable electrodes, while maximizing the seal enhancing benefits of 
the annealing process. 
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3.3.8. Via/electrode interconnects  
 
With bonded samples that contain all necessary elements of a sensor it is necessary to 
determine whether the vias/electrode interconnects can survive the thermal treatment of 
the rest of the samples. 
To test the vias, samples were produced that had just one comb type electrode on the 
bonding interface instead of two as seen in Figure 3.15. This single electrode covered two 
sets of polysilicon vias, which connect the electrode to two pads on the opposite side of 
the sensor on the nonbonding interface with no YSZ present. This configuration 
establishes direct contact between pads through the vias and electrode with 
approximately 33-40 Ω across all elements prior to annealing. Si can form thin oxides 
during annealing even in nitrogen with only trace oxygen present. In order to operate the 
sensor in air the polysilicon via to Ta/Pt film connection must be stabilized so that oxide 
does not build up and cause electrical breakdown. To stabilize this surface, a variety of 
PtxSiy platinum silicides
35
 and preferably the most stable form, PtSi, should be formed at 
the interface of Pt and Si to prevent oxidation. This reaction is impeded even by 10
-8 
torr 
oxygen present
36
 and should be done in reducing,
37
 or vacuum conditions and can form 
below 400 
o
C.
36
 If larger amounts of oxygen are present, SiO2 will form and formation of 
silicides can be completely obstructed., though some silicide can be formed if pinholes in 
the oxide are present.
38
 In addition, temperatures up to 600 
o
C were required to form 
platinum silicides when a 15 nm layer of Ti was present between Pt and underlying Si. 
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It was determined that in 99.998% N2 the connection between Ta/Pt electrodes and 
vias broke down by 450 
o
C, raising in resistance from 22.6 Ω to 68,900 Ω. Figure 3.17a 
shows the via shaped like an oval before the heat treatment and Figure 3.17b shows the 
same sample zoomed in on the edge. After heat treatment at 450 
o
C in N2, the edge 
appears to have separated, though some material still appears to connect the two regions 
as seen in Figure 3.17c and 3.17d, it is clear that there is a poorer connection around the 
edge of the sample. This pulling away or perhaps the formation of SiO2 in between the Si 
and the Ta/Pt is responsible for loss of connection. It is notable that 450 
o
C is below the 
lower temperature limit for ionic conduction in YSZ. If the sensor cannot continuously 
operate in the 450-500 
o
C range then an operating sensor based off of YSZ is not 
possible.   
After taking an electrode/via sample described above and annealing it for 30 minutes 
in 5% H2 balance N2, the resistance was reproducibly in the hundreds of ohms region, 
indicating a large increase in electrical stability. SEM images of a via unannealed in 
Figure 3.18a and annealed in H2 gas mixture in Figure 3.18b shows a very clear reaction 
in the Ta/Pt film over top of the via. Close ups of the edge in 3.18c and 3.18d after 
annealing show the development of a rough granular microstructure that is consistent 
with platinum silicides formed by Pt films over Si that is unconstrained by any oxide.
39
 
Were PtxSiy to be formed, there would be some resistance to oxidation of the silicon and 
could explain the increased stability at higher temperatures.  
Despite the improvement in via/electrode connection stability, this connection is still 
the limiting factor in developing a sensor. After 30 minutes at 600 
o
C in 5% H2 to achieve 
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the proposed silicidation and 1.5 hours at 500 
o
C in air the via/electode resistance had 
increased from 35 Ω to 1347 Ω. After depositing new platinum over the existing 
electrode material the sample resistance dropped to 39 Ω and increased to only 871 Ω 
after repeating the heat treatment. This improvement in stability is inadequate for long 
term study of the sensor. Potential improvements in stability could be observed with 
thicker films of platinum, which might help prevent mechanical separation of Pt over top 
of the via from the rest of the film. There is a 450 nm step between the top of the 
Si3N4/SiO2 film that the Ta/Pt film rests on and the top of the via. This difference in step 
height exacerbates the separation issue by having a step height that is taller than the 
overlying film height. 
 
3.3.9. XPS of vias 
 
In order to affirm the presence of PtSi at the surface of vias, XPS intensity maps were 
collected every 0.25 eV. The areas of maximum intensity for metallic Pt 4f at 71.25 eV 
was compared to the area of maximum intensity for PtSi Pt 4f at 72.75 eV overlaid. The 
areas of maximum intensity for SiO2 Si 2p at 104.75 eV was compared with PtSi 2p at 
101.0 eV and imaged. These overlaid images can be seen in Figure 3.19a for Pt maps and 
Figure 3.19b for Si maps. From these images no silicide formation is detected, however 
this is to be expected. The vias are 50 x 10 μm in size, which is likely beyond the special 
resolution of the XPS. Based on these data the presence of PtxSiy cannot be confirmed. 
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3.3.10. KOH etching 
 
The trapezoidal area in Figure 3.2b inside the dotted lines represents the silicon 
uncovered by Si3N4 that is selectively etched after bonding to access the YSZ film 
necessary for sensor operation. KOH studies focus on selectively etching this area. Figure 
3.20 shows SAM images of a dummy sample with no vias or electrochemically active 
films a) before and b) after etching in KOH. Areas that were not covered with Si3N4 
generally were not etched and areas like those shown in the dotted line in 3.2b were 
etched. The black squares that appear in the center of the larger white device cavities are 
the etched areas and correspond to the trapezoidal area in Figure 3.2b. It is clear from 
Figure 3.20b that considerable side etching also occurs from the irregularly shaped 
blackened areas that extend from the sample edge. From the SAM images it is clear that 
areas of light coloration on the bonding surface, indicating a poor bond in a) are included 
in the blackened and roughed areas in b). This occurs because poorly bonded areas allow 
in KOH, which etches silicon quickly. 
Any etching damage other than that etching required to get through to the YSZ 
membrane is deleterious for sensor stability. In particular, any damage that breaches the 
central device cavity will result in extensive gas leakage, which will result in catastrophic 
device failure. For this reason the side etching issue had to be addressed. To prevent side 
etching a Teflon holder was designed to protect the edges in bonded samples from KOH 
etchant solution. Figure 3.21 shows the KOH holder design. For detailed design, and 
dimensions of this holder see Appendix B.4. Briefly, the sample is mounted in between 
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two Teflon plates, sealed with two Teflon o-rings, and secured with 4 Teflon screws. The 
sample rests over a window that allows KOH through only to the top of the membrane 
die surface. An SAM image of a sample that was mounted in the holder before etching in 
KOH solution is shown in Figure 3.20c. It is clear that despite poor bonding on the edges 
there is no visible side etching, indicating excellent performance of the KOH holder. 
In an effort to protect the polysilicon vias from the KOH etching solution, the vias 
were silanized at 600 
o
C in 5% H2 for 30 minutes prior to etching. Optical images of a via 
in Figure 3.22 a) before and b) after etching showed that the via was completely 
destroyed by KOH etching. This results in a break in the electrical connection. This issue 
has to be solved before a sensor can be tested. Attempts to do this etch without annealing 
prior to etching also resulted in the vias being etched. At the time of writing a second 
custom holder that protects the vias has been completed but not tested, shown in Figure 
3.23. Appendix B.5 shows additional images. In short, the etch well from the first study is 
split into six separate smaller wells that allow access to uncovered Si and SiO2 etch paths, 
but not to the electrodes or vias. Sealing of the edges of these smaller wells is to be done 
with Apiezon wax. With this holder, the vias and edges should both be protected and only 
the desired etch paths will be etched.   
 
3.4. Conclusion 
 
At this point in the process a number of steps have been performed to prepare the 
membrane and reference samples to become a sensor. Figure 3.24 is a scheme of all the 
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steps that are required to put together a finished sensor designed in this project. Many 
minor steps are not included, however, Figure 3.24 gives a good idea of the shape of 
process flow for producing a finished sensor. Where major contributions were made by 
the author of this dissertation, section numbers were included to discuss the contributions 
made by this author. These sections were mainly to do with bonding, electrodes, YSZ, 
and vias. 
 A platform to build electrochemical sensor prototypes using MEMS type processing 
techniques has been completed. This includes a bonded and edge protected Si platform 
that can accommodate significant hydrogen percolation from bonding steps, tensile and 
compressive films, and act as a substrate for various films such as the YSZ, Ta, Pt, and 
Pd used in this dissertation for an oxygen sensor. An oxygen sensor was partially 
completed using the completed platform. In this study, two decorated die are bonded to 
create a central device cavity and surrounded by a gas sinking waffle pattern that prevents 
bubble formation. The method includes an aging and annealing step up to 310 
o
C in a 
bonder with pressure to allow bond ripening in more bowed samples, thereupon it is 
annealed above the eventual operational temperature. Samples containing all required 
elements of a sensor were bonded and etched without side etching. Electrodes were stable 
up to 700 
o
C with some pretreatment in inert atmosphere, however at the time of writing 
there were two problems with the vias. The first issue is that they are not stable long term 
at higher temperatures. They currently fail after a few hours above 500 
o
C. This stability 
issue will be mitigated by making the electrodes thicker, which has been shown in the 
literature to improve stability. The second issue is that the vias etch in the KOH etching 
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step, which may be mitigated by the use of a second custom Teflon holder, shown in 
Figure 3.23 and described in Appendix B.5.  
These issues with etching must be addressed before oxygen sensing experiments can be 
performed. Once these issues have been addressed testing experiments may begin. Tests 
will involve attaching stainless steel clips directly to the bonding pads, increasing 
temperature, and measuring potential across the YSZ membrane using a multimeter. 
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3.6. Tables 
 
Table 3.1. Membrane and reference samples parameters used in bonding experiments.  
Sample type 
Chip thickness 
(μm) 
Bonding 
interface oxide 
thickness (nm) 
Backside film 
(nm) 
DRIE pattern / 
Size (mm) 
Device cavity 
features (nm) 
M1 310 50 50 SiO2 N/A  15 x 30 N/A 
M2 310 25 
200 Si3N4 / 50 
SiO2 
N/A  15 x 30 N/A 
M3 310 10 
200 Si3N4 / 50 
SiO2 
N/A  15 x 30 50 YSZ 
M4 400 200 
200 Si3N4 / 
250 SiO2 
N/A 20 x 30 N/A 
M5 380 200 
200 Si3N4 / 
250 SiO2 
N/A 20 x 30 vias 
M6 380 200 
200 Si3N4 / 
250 SiO2 
N/A 20 x 30 
vias / 10 Ta 
200 Pt / 200 
YSZ 
R1 675 native native device 15 x 30 N/A 
R2 575 native native 
device-waffle 
15 x 30 
N/A 
R3 575 native 
300 Si3N4 / 50 
SiO2 
device-waffle 
15 x 30 
N/A 
R4 575 native 
300 Si3N4 / 50 
SiO2 
device-waffle 
15 x 30 
50 PdO 
R5 600 native 
300 Si3N4 / 50 
SiO2 
device-waffle 
20 x 30 
N/A 
R6 600 native 
300 Si3N4 / 50 
SiO2 
device-waffle 
20 x 30 
50 PdO 
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Table 3.2. Dimensions of device cavities in R1-R4 in each of the eight cells. 
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Table 3.3. Surface preparation and bonding steps. 
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Table 3.4. Bonding methods and parameters. 
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3.7. Figures 
 
 
Figure 3.1. Several pieces of polished yttria tetragonal zirconia polycrystals (YTZP), a 
form of yttria stabilized zirconia (YSZ), are bonded a) by a hot isostatic pressing method 
to produce a b) self-referenced oxygen sensor developed in our group.
5
 Pt electrodes and 
YSZ generate a Nernstian response to external perturbations in O2 concentration. A 
metal/metal oxide mixture maintains a constant internal O2 reference atmosphere at the 
appropriate temperature. 
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Figure 3.2. 1) Si 2) Polysilicon vias 3) Pt electrodes 4) YSZ 5) PdO 6) Waffle pattern 7) 
Si3N4 8) Device cavity 9) Thermal oxide 0) Native oxide. A schematic of the devices 
formed by bonding patterned chips. a) shows cross sections of one cell of the membrane 
(Mn) and reference (Rn) samples to be bonded. In b) a cross section of the device cell 
formed by the bonding of the two samples in ‘a,’ is shown. The bond, indicated by an 
arrow in b) is established through the formation of bonded interface from the hydrophilic 
bonding of the 9) thermal oxide and 0) native oxides. Final sensor assembly will include 
Pt pads above the polysilicon vias (not shown) and selective etching of silicon above the 
YSZ indicated by the dashed lines to produce a YSZ membrane. In c) a drawing of the 
sample cavities is shown where each of the sample cells for R1-4 is labelled for reference 
with Table 3.2. In d) a drawing of the sample cavities is shown where each sample cell is 
labelled for R5-6.  
a) 
d) 
c) 
b) 
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Figure 3.3. The Teflon sample holder used for holding samples during piranha, BOE, 
and SC1, steps is shown. The solutions submerge the entire sample. A Teflon basket is 
used as secondary containment in case the sample falls out. In a) and b) the holder is 
shown from two different angles. In c) the holder is shown with a sample sitting in it. 
Additional images are shown in Appendix B.2.  
a) b) 
c) 
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Figure 3.4. Image of ‘L’ shaped holder that was used to restrict degrees of freedom in 
bonding with a sample in the elbow. Additional images are shown in Appendix B.3. 
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Figure 3.5. A cross sectional drawing of one device cell in R1 (Table 3.2 cell 8) where a) 
the numerics indicate 1) silicon and 2) device cavity. In b) the surface profile of the same 
cell where one device cavity is shown. A 2.5X objected and 0.5X system zoom were used 
corresponding to an 8.836 μm camera resolution. 
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Figure 3.6. Scheme describing the progression of hydrophilically bonded wafers of 
silicon. Reproduced from reference
17
. 
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Figure 3.7. Bonded silicon M1 to waffle patterned R1 and imaged a) at 300 
o
C in the 
upper left, 600 
o
C in the upper right, 900 
o
C in the lower left, and 1200 
o
C in the lower 
right. The black areas are well bonded, the light round areas are voids and the light 
squares and rectangle are device cavities. 
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Figure 3.8. A cross sectional drawing of one device cell in R2 (Table 3.2 cell 2) in a) 
where the numerics indicate 1) silicon, 2) device cavities, 3) waffle pattern. In b) the 
surface profile of the same cell where there are four small device cavities is partially 
shown. A 2.5X objected and 0.5X system zoom were used corresponding to an 8.836. 
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Figure 3.9. SEM of bonded silicon M1 to waffle patterned R2 a) at 300 
o
C in the upper 
left, 600 
o
C in the upper right, 900 
o
C in the lower left, and 1200 
o
C in the lower right. 
The black areas are well bonded, the light areas are the cavities, and the cross hatch 
pattern is the waffle pattern. Some whiteness at the edges indicates poor bonding in those 
regions. In b) a representative SEM image of the M1-R2 interface is shown. The inset 
shows a close up of the interface, indicated by the arrow. The black area to the lower 
right is the device cavity. The white areas to the upper left are the waffle cavities. The 
dust on the surface is silicon dust from cleaving the sample.  
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Figure 3.10. In a) an SAM image of a sample made from M2 and R3 (with tensile Si3N4 
films) is shown where there was no pressure applied on the sample during aging or 
annealing (1200 
o
C) clearly shows that only the center bonds. A cartoon b) showing the 
degree of bowing exaggerated in M2 and R3 illustrates why it is difficult to bond tensile 
strained samples to one another without pressure where 1) is Si, 2) is Si3N4, and 3) is the 
waffle pattern. In c) the same type of sample as in a) is shown only method 2 using 
applied stress during bonding is utilized.    
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Figure 3.11. Membrane sample M3 is shown in a) with a characteristic Raman pattern of 
the YSZ thin film present in the cell (Si reference is relatively intense because the Raman 
activity of YSZ bands are low) and an optical image of a characteristic film in the inset. 
Reference sample R4 is shown in b) with a characteristic Raman pattern of the PdO thin 
film present in the cell and an optical image of a characteristic film in the inset. The c) 
SAM image of the two samples bonded using method 2, 900 
o
C, is shown.   
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Figure 3.12. SAM images of bonded chips using new sample layout. In a) an M4 to R5 
bond is shown with surface preparation and bonding method 2 with no vias or 
electrochemically active films heated to 310 
o
C in air for 2 hours. In b) an M5 to R5 bond 
is shown with surface preparation and bonding method 2 with vias heated to 700 
o
C in N2 
for 48 hours. In c) an M6 to R6 bond is shown with surface preparation and bonding 
method 2 with vias and all electrochemically active films present heated to 600 
o
C in 5% 
H2 for 30 minutes. It is clear that even with light annealing the bonding is best in the 
undecorated sample in a). 
 
  
a) b) 
c) 
130 
 
 
 
 
 
Figure 3.13. Sample heated immediately in air and then failure. In a) the electrical 
resistance and temperature are plotted over time. In b) an SEM image of this sample after 
electrical failure is shown.  
  
a) 
b) 
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Figure 3.14. Resistance and temperature vs time for Ta/Pt electrodes in N2 and air, as 
well as the electrode morphology afterward (shows pinhole development) 
  
a) b) 
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Figure 3.15. Optical image of the bonding interface of a membrane die for sensor 
fabrication. In each of the 5 devices (discluding top right reference corner), Ta/Pt 
electrodes in a comb shape and YSZ films are visible. Though present in this sample, vias 
are too small to see, with dimensions of 10 x 50 μm. On each of the rectangular Ta/Pt 
pads are 10 vias. Sensor body is 20 mm by 30 mm.  
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Figure 3.16. Resistance and temperature data vs time show difference in electrode 
stability on a) YSZ and b) SiO2 in N2. Jumps to high resistance between 1.5 and 2.0 days 
in a) are due to a poor electron connection, which was reset during the experiment. 
  
a) b) 
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Figure 3.17. SEM image of polysilicon via covered in 10 nm Ta and 200 nm of Pt a) and 
b) before and c) and d) after a 2.0 hour treatment at 450 
o
C in N2. In a) and c) the hole via 
is shown. In b and d) a close up of the edge is shown. It can be seen in d) that the film 
(bottom) has pulled away from the film not on the via (top).   
a) b) 
c) d) 
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Figure 3.18. SEM image of polysilicon via covered in 10 nm Ta and 200 nm of Pt a) 
before and b) after 1.0 hour treatment at 600 oC in 5% H2 and 90% N2. In c) and d) the 
edge of the via in a) and b) are shown up close. 
  
a) b) 
c) d) 
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Figure 3.19. XPS image overlay of a) Pt 72.75 and 71.25 eV shows location of Pt in 
image and attempts to show location of PtxSiy and b) showing the overlay of 104.75 and 
101.0 shows location of Si in image and possible formation of PtxSiy. 
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Figure 3.20. SAM images of sample cells that are a) well bonded everywhere except the 
bottom of the sample, b) the same cell after etching where considerable damage is caused 
by side etching from the poor bonding on the bottom of the sample, and c) a sample cell 
that was etched in the custom KOH holder that had no side etching despite poor bonding 
around the edges. The black square in the center is where KOH etched through the KOH 
window in the Si3N4 on the top side of the membrane die. 
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Figure 3.21. KOH holder a) disassembled with etched sample and b) assembled with 
etched sample inside. The green sample is 20 x 30 mm for size reference. Additional 
images are shown in Appendix B.4. 
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Figure 3.22. An optical image of a via coated in a Ta/Pt film annealed at 600 
o
C for 30 
minutes in 5% H2 balance N2 a) before and b) after KOH etching of the sample. It is clear 
from the image that the via underneath the Ta/Pt film was etched away and that they film 
did not protect the underlying via.  
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Figure 3.23. KOH holder 1.1 image. Works exactly the same as the last holder, however 
the etch well has been broken into 6 smaller ones to protect the electrodes from KOH. 
The sample rests in the dashed box. The applicators shown on the right are made of 
Teflon and stainless steel. Additional images are shown in Appendix B.5. 
 
  
a) 
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Figure 3.24. Scheme of steps required to fabricate a sensor. Sections where significant 
contributions were made mentioned in this dissertation have the section number, 3.3.x, 
where they were discussed in the results section. Some minor contributions are not 
mentioned. 
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Chapter 4. Interaction of Ammonia with Intrazeolitic Silver ions: Development of 
an Ammonia Sensor 
 
4.1. Introduction 
 
Zeolites are crystalline aluminosilicates with the composition SiO2 ∙ AlO2 ∙ M
n+
 ∙ H2O 
with M
n+
 cations charge balancing the negative framework.
1
 Interaction of gas molecules 
with intrazeolitic cations is relevant for many phenomena, including catalysis, separations 
and sensor transduction.  There are about ~ 150 different topologies of zeolites, all 
characterized by different cage/channel structures (hence porosities).  The M
n+ 
charge 
balancing cations are ion-exchangeable and are located in various crystallographic sites 
within the framework.  These cations are often the site for catalytic reactions, since they 
act as active sites with the zeolite framework acting as the scaffold.  Thus, there are 
numerous studies on coordination chemistry of cations within the zeolite framework. 
Another novel aspect of the intrazeolitic cations is their mobility.  This is typically 
measured by impedance spectroscopy, the activation energy for cation motion involves 
both the energy involved in disrupting the electrostatic bonding with the framework, as 
well as the energy involved in cation hopping through the framework.
2
  Interaction of the 
cations with ligands alters the cation motion. These novel features of zeolites have been 
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exploited for gas sensing via host-guest interactions and the subsequent change of 
mobility of the intrazeolitic cations.
3,4
 
Ammonia sensors are necessary for many applications, including environmental 
monitoring, automotive, chemical industry and disease diagnosis (via breath analysis).
5
  
The range of concentrations for these applications varies widely from 50 ppb to 
thousands of ppm, and temperatures ranging from ambient to 600 
o
C.  There are diverse 
sensing technologies that are being investigated including optical, chemical and 
electrochemical sensors.  Electrochemical sensors typically have the advantage of 
miniaturization, and many strategies have been examined to improve selectivity.
6
  
Impedance-based sensors for ammonia have been investigated, but primarily with 
acidic zeolites, such as ZSM-5.  As the basic NH3 molecules react with the protons in 
ZSM-5, the activation energy of proton hopping through the framework is reduced, 
resulting in changes in the impedance and used as the measurement parameter.
7,8
 Water 
interference was improved via increase of the Si/Al ratio of the zeolite framework, but 
with some sacrifice to the ammonia sensitivity. Impedance spectroscopy has also been 
used for NH3 sensing using polytungstate clusters on zirconia.  The strong acid sites of 
the polytungstate interact with NH3 and alter the proton conduction, and such sensors 
show interference to water.
9
 
In this chapter, the focus is on Ag
+
 - exchanged zeolite Y, and the examination of its 
interaction with ammonia using impedance spectroscopy, X-ray photoelectron 
spectroscopy and in-situ infrared spectroscopy.  Interaction of NH3 with Ag
+
 - zeolites 
has been studied for developing catalysts for selective catalytic reduction of nitric 
oxide.
10
  The present study is a detailed investigation focused on Ag
+
 - NH3 interaction 
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within zeolite Y, and the observation that NH3 alters the Ag
+
 motion is the basis for an 
impedance-based ammonia sensor.  The basis of the sensing is molecular recognition, 
since the target gas molecule interacts preferentially with the Ag
+ 
in the zeolite and leads 
to improved selectivity.   
 
4.2 Experimental 
 
These experiments were performed in collaboration by Yangong Zheng and the author 
of this dissertation. SEM, XRD, AAS, XPS, H2 testing, IR in Figure 4.12, and some of 
the sensing experiments were performed by the author of this dissertation. IR, selectivity 
and stability sensing tests, dielectric relaxation studies, and other electrical studies were 
performed by Yangong Zheng. 
 
4.2.1. Ion exchange and physical characterization 
 
Sodium-exchanged zeolite Y (Si/Al=2.5) was purchased from Zeolyst. Silver cation 
loadings in zeolite samples were done by exchanging with different concentrations of 
silver nitrate solution (0.005M, 0.01M, 0.05M and 0.1M). The samples (200 mg) were 
exchanged for one hour in 10 mL AgNO3 solution three times and then rinsed three 
times. These samples are denoted as 0.005Ag-Y, 0.01Ag-Y, 0.05Ag-Y and 0.1Ag-Y, 
where the numeric is equal to the ion exchange molarity. In order to make reduced Ag
o
 in 
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zeolite Y, reduction of 0.1Ag-Y was carried out at 550 
o
C in the presence of 5% H2 (in 
N2) at 550 
o
C for 2 hours.  In order to make H-Y, NH4
+
-Y was heated at 550 
o
C for 2 
hours under ambient conditions. The amount of silver ions in zeolites for different 
samples was determined using the atomic absorption spectroscopy (AAS) with a Buck 
Scientific ACCUSYS 211 AA spectrophotometer. Silver ions were extracted from the 
zeolite samples with three 8-hour ion exchanges with 2.0 M NaNO3. Samples and 
standards were stabilized in 2.6% concentrated nitric acid solution to prevent 
photoreduction of silver ions. 
Powder X-ray diffraction (XRD) patterns were collected on a Rigaku Geigerflex 
diffractometer using Ni-filtered Cu Kα radiation at 40 kV and 25 mA at 2θ from 5° to 
50°. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis was 
carried out in a controlled environment cell (Pike Technologies) with a ZnSe window in a 
PerkinElmer Spec400 spectrometer. The zeolite samples were dehydrated at 600 °C for 2 
hrs in N2, then cooled down to 300 °C or room temperature, and then exposed to 300 ppm 
NH3 in N2, all in the cell.  
 
4.2.2. Characterization of adsorbed species 
 
Transmission IR experiments were done in a controlled atmosphere cell with KBr 
windows and inlet and outlet gas ports. The zeolite sample was deposited on a KBr plate, 
and heated at 550 
o
C for 2 hours in 10% O2(N2) in an oven, cooled to ambient conditions 
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in the presence of NH3, and then transferred to the transmission cell in a glove bag. The 
cell was heated to 170 
o
C with NH3 during recording of the infrared spectra. 
X-ray photoelectron spectroscopy (XPS) experiments were performed on a Kratos X-
ray photoelectron spectrometer. Samples were deposited on flat alumina sheets in a 
suspension of isopropanol. Samples were dehydrated at 500 
o
C in air for 2 hours then 
ramped down to 50 
o
C.  At 300 
o
C during cooling the gas flow was switched to 300 ppm 
ammonia.  Exposure to water during transport to the spectrometer was minimized using a 
small desiccator. XPS data was collected in 13 different locations spaced maximally apart 
on the samples and signal averaged to limit reduction of silver species during data 
collection. The C 1s peak at 284.8 eV was used as the calibration marker for calculating 
the binding energy. 
 
4.2.3. Impedance characterization 
 
The zeolite pellets for the impedance measurements were prepared by pressing 200 
mg of zeolite powder under 5 tons of uniaxial force, and then heat treated at 700 
o
C for 2 
hr. Gold electrodes were pasted on the same side of the zeolite pellet followed by a 2-hr 
calcination step at 600 
o
C. The pellet was exchanged with a 0.1M AgNO3 solution. The 
activation energies for Na-Y and Ag-Y pellet in the temperature range from 250 to 350
 o
C 
were calculated by equation (1) 
 
  ω = ωoexp(-ΔE/kT)                                                                  (1) 
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where ω is the hopping frequency, ωo is pre-order parameter, ΔE is the activation energy, 
k is the Boltzmann constant and T is temperature. 
 
4.2.4. Sensing experiments 
 
For sensing measurements, alumina substrates (15mm×10mm) with interdigitated gold 
electrodes with 0.25 mm spacing were obtained from Case Western Reserve University 
Electronics Design Center. Half-gram of zeolite particles were suspended in 500 µL 
isopropanol and a 30 µL drop of this suspension was coated onto substrates. Samples 
were dried prior to dehydrating in the furnace. A dwell of 30 minutes at 150 
o
C was 
employed during ramp up to 700 
o
C for 2 hrs to ensure complete removal of isopropanol 
and water. All sensors were tested in a quartz tube housed in a temperature 
programmable furnace (Lindberg Blue, TF55035A) using a flow through method. The 
gas flow rate was controlled by precalibrated digital mass flow controllers (Sierra). 
Different levels of water vapor were introduced by bubbling the carrier gas through a 
water bath and the water level exposed to the sensor was monitored by a humidity 
detector (Fisher Scientific). Impedance spectroscopy (Solartron 1260) was employed to 
generate the AC excitation voltage with a magnitude of 300 mV. A frequency range from 
0.5 Hz to 10
7
 Hz was used to generate the Argand (Cole-Cole) plots. Most of the sensing 
data was obtained at a fixed frequency of 1000 Hz. The impedance data was analyzed by 
commercial software Zplot and Zview (Scribner, Inc., USA). The response of the sensor 
R (%) is defined by equation (2) 
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                   R(%) = (Zb-Zg)/Zb*100%                                                           (2) 
 
Where Zb and Zg represents the impedance of the samples at a fixed frequency in the 
background gas (mostly used was N2) and differing concentrations of ammonia, 
respectively. 
 
4.3 Results 
 
4.3.1 Zeolite physical characteristics 
 
Ag-Y was obtained by ion-exchange of commercial Na-Y (Si/Al = 2.5) with AgNO3. 
By varying the concentration of the ion-exchanging solution, four Ag-Y samples were 
obtained.  The Ag content in the four samples was determined by atomic absorption 
spectroscopy. These samples are identified with a prefix that indicates the molarity of the 
AgNO3 solution.  The results of the elemental analysis are shown in Table 4.1. It is noted 
that with 0.1 M AgNO3, the Na
+
 in the zeolite is completely exchanged with Ag
+
.  Figure 
4.1 shows the powder X-ray diffraction of this material, all the peaks can be assigned to 
the faujasite framework topology (JCPDS, File no – 0168), indicating that the ion-
exchange process did not cause any structural damage.  Also, there are no new peaks 
corresponding to Ag metal or silver oxide.  The two insets in Figure 4.1 are  a SEM 
micrograph of the 0.1Ag-Y, indicating average particle size of 800 nm, and the cation 
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sites within zeolite Y, with the sites SII and SIII located in the windows of the 
supercages, whereas sites SI, SI’ and SII’ are within sodalite cages and hexagonal prisms.  
 
4.3.2 Impedance Spectroscopy 
 
Impedance Spectroscopy in the range of 0.5 -10
7
 Hz was carried out on pressed pellets 
of Na-Y and 0.1Ag-Y with and without exposure to 300 ppm NH3 (balance N2) at 300 
o
C.  
Figure 4.2a shows the Argand (Zʹ versus Zʺ, with Zʹ being the real and Zʺ the imaginary 
part of the impedance) plots and Figure 2b is the plot of the imaginary part of the 
modulus with frequency for Na-Y with and without NH3. Comparable data is shown for 
0.1Ag-Y in Figure 4.3a,b.   
All of the Argand plots are characterized by a semicircle characteristic of intrazeolite 
cation motion, and rise in impedance at low frequency due to interfacial effects at the 
blocking electrodes (Warburg impedance).
2
  The intercept on the Zʹ axis of the semicircle 
is a measure of the resistance to cation motion.  Thus, from Figure 4.2a, it is clear that for 
Na-Y there is minimal change in the resistance in the presence of NH3, and this is also 
evident in the modulus plot in Figure 4.2b. However, as Figure 4.3 shows, for Ag-Y, 
there is a large change in the resistance upon introduction of NH3 (inset in Figure 4.3a).  
The effect of NH3 for 0.1Ag-Y is also quantified by calculating the activation energy 
(Eact) over 250 – 350 
o
C, with Eact for Ag-Y in N2 measured as 80.9 kJ/mol, whereas in 
the presence of 300 ppm NH3/N2, the Eact decreases to 13.9 kJ/mol (inset in Figure 4.3a). 
The modulus plots in Figure 4.3b (M″) versus frequency at 300 oC for Ag-Y with and 
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without 300 ppm NH3 (all in background of N2) exhibit a shift in peak frequency from 
794 to 12589 Hz in the presence of NH3. This indicates that NH3 is promoting cation 
motion and correlates with the decrease in impedance observed in Figure 4.3a.  The plots 
of normalized M″/M″max as a function of the normalized frequency in Figure 4.3c for 
0.1Ag-Y with and without NH3 overlap well, suggesting that the conduction mechanism 
for Ag
+
 motion is the same in the presence or absence of NH3.
11
 
4.3.3 Spectroscopic studies of interaction of NH3 with Ag-Y 
 
XPS in the Ag3d and N1s region is shown in Figure 4.4 for dehydrated Ag-Y before 
and after NH3 exposure (at 300 
o
C), with the data being obtained after the sample has 
been cooled to ambient conditions.  In the Ag3d region, two peaks due to 3d5/2 and 3d3/2 
are observed at 369.4 and 375.2 eV, the slight shift of 0.2eV to higher binding energy in 
the presence of NH3 is within experimental error. However, in the N1s region, in the 
presence of NH3, a strong peak at 400.7 eV, along with a shoulder at 403. eV is observed.   
The interaction of NH3 with dehydrated 0.1Ag-Y was examined under ambient 
conditions, as well at higher temperatures.   Figure 4.5a shows the data recorded at room 
temperature.  For Ag-Y in N2, there are no bands in the 3000 – 3500 cm
-1
 region, and in 
the mid-IR region, bands are observed at 1491 and 1640 cm
-1
.  The 1640 cm
-1
 band is 
typical of water, but the 1491 cm
-1
 is unassigned.  Since we are interested in evaluating 
the interaction of NH3 with Ag-Y, we focus on the new bands that show up upon 
interaction with NH3, which includes a band at 1612 cm
-1
, along with bands in the N-H 
stretching region (3339, 3270, 3183 cm
-1
).  Upon passing N2 through the sample after 
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NH3 exposure, all of these peaks are retained, indicating that NH3 remains strongly 
coordinated.  A similar experiment was carried out insitu at 300 
o
C and the IR data is 
shown in Figure 4.5b.  For 0.1Ag-Y in N2, the sharp band at 3630 cm 
-1
 is assigned to 
stretching motion of bridging OH groups on the zeolite.  In the 1300 - 1800 cm
-1
 region, 
there is a broad unassigned band at 1421 cm
-1
, as well as rising background above 1600 
cm
-1
 (both of these features are present in all of the spectra at 300 
o
C)  Upon introduction 
of NH3 at 300 
o
C, new bands are observed in the N-H stretching region (3182, 3283, 
3375 cm
-1
), as well as a band at 1612 cm
-1
, along with a decrease in intensity of the O-H 
stretching band at 3630 cm
-1
.  Upon replacement of NH3 with N2 at 300 
o
C, the 1612 cm
-1
 
band disappears, there is a general decrease of intensity in the N-H stretching region (the 
bands do not disappear) and the intensity of the O-H stretching frequency almost 
recovers.   
 
4.3.4 Sensing properties 
 
The above impedance and spectroscopic data indicate that NH3 does interact with Ag
+
 
in the zeolite, and we exploited this interaction to develop an ammonia sensor.  These 
experiments were done with Ag-Y coated as a thin film on interdigitated electrodes, and 
activated at 700 
o
C for two hours in N2, prior to exposure to NH3 at lower temperatures. 
Figure 4.6a shows how the impedance changes with 150 ppm NH3/90% N2,10% O2 for a 
0.1Ag-Y sample at frequencies of 500, 1000 and 2000 Hz at 300 
o
C. Based on this data, 
we chose 1000Hz to be optimal for sensing in terms of response, recovery time and signal 
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to noise, and all sensing experiments presented henceforth are done at this frequency. 
Figure 4.6b shows the normalized sensor traces (defined as response in the experimental 
section) for different Ag-Y with 150, 100 and 50 ppm of NH3/ 90% N2,10% O2 at 300 
o
C, 
and indicates a six-fold increase in signal between 0.05Ag-Y and 0.1Ag-Y, and thus, 
further tests were carried out with the 0.1Ag-Y sample.   
Figure 4.7a shows a temperature programmed desorption with measured impedance 
(1000 Hz) as the variable parameter.  The control sample of 0.1 Ag-Y was heated to 600 
o
C in 90%N2,10%O2, and the oven was programmed to cool at 0.5
o
C/min, while the 
impedance was measured. The impedance is low at 600 
o
C and remains so until 450 
o
C, 
when the impedance increases rapidly and then stabilizes around 300 
o
C. In a second 
experiment, the 0.1 Ag-Y was heated to 600 
o
C in 90% N2, 10% O2 and cooled in the 
presence of 300 ppm NH3, while the impedance was measured. The impedance is similar 
to 0.1 Ag-Y until 450 
o
C, when it registers an increase and then a gradual increase below 
250 
o
C.  In the region between 100 – 450 oC, the impedance is significantly lower in the 
presence of NH3 as compared to background gas.  The third sample was 0.1 Ag-Y heated 
to 600 
o
C, cooled to 100 
o
C, exposed to NH3 for 8 hours to form a Ag(NH3)x
+1
 complex, 
and then the impedance measured as the sample is heated back up to 600 
o
C at 0.5 
o
C/min, but in 90% N2,10% O2.  This experiment thus measures the stability of the Ag
+
 - 
NH3 bond with temperature (much like temperature programmed desorption, but focused 
on Ag
+
 conductivity).  The impedance gradually increases up to 300-320 
o
C, reaches a 
maximum and then follows the same profile as 0.1 Ag Y (the mismatch between the two 
curves is from the unequal heating/cooling cycle of the oven). This indicates that the Ag-
NH3 complex undergoes complete decomposition beyond 300-320 
o
C. The difference in 
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impedance between the Ag-NH3-Y and the 0.1 Ag-Y + NH3 curves indicate that the 
largest impedance difference with NH3 on and off occurs between 275 – 350 
o
C.  
Figure 4.7b shows the actual sensor traces for 100 ppm NH3/90% N2, 10% O2 at 275, 
300 and 350 
o
C. As expected from Figure 4.7a, the optimal temperature for sensing is 
between 300-350 
o
C, and 300 
o
C is the temperature of choice in this study. 
The cross-sensitivity studies to 6% CO2, 1000 ppm CO, 1000 ppm propane, and 3-10 
% O2 are shown in Figure 4.8a-d. These experiments were all done with 100 ppm NH3/N2 
at 1000 Hz and 300 
o
C, with the corresponding interfering gases introduced into the 
background gas (N2) at various times. None of these gases show any interference, and do 
not influence the impedance background as well as the NH3 response. 
Figure 4.9 shows the interference with NO. Upon introduction of 50 ppm NO (after a 
100 ppm NH3 trace was obtained), there is an increase in the baseline impedance. Then, a 
second trace of NH3 with the 50 ppm NO in the background gas was obtained, there was 
an increase in the sensor response (shown in the inset). With 100, 150 and 200 ppm NO 
in the background gas, the NH3 responses was similar with an overall average response of 
27.8±1.3%. The baseline recovers when NO is turned off. 
Figure 4.10 shows the interference to water.  The water decreases the baseline 
impedance by 3% and 10% in 0.5% and 1% water, respectively.  The percent response to 
NH3 as shown in the inset exhibits a 15% increase with the initial hydration of 0.5%, 
which remained unchanged with 1% water. The baseline recovers when water is turned 
off. 
Figure 4.11 shows the long term stability of the 0.1Ag-Y with repeated exposure to 
150 ppm NH3 over the period of one week. The baseline gradually drifts to higher values 
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and stabilizes on day 4. The percent sensor response for each day is shown in the inset of 
the figure, with the average of the last four days being 39.5±0.35%. 
 
4.4 Discussion 
 
4.4.1. Mechanism of conduction 
 
The nature of the chemical interaction between Ag
+
 within the zeolite framework and 
ammonia as well as the sensor performance that results from such interactions are the 
focus of this discussion. 
The crystallographic structure of zeolite Y along with the possible cation sites is 
shown in Figure 4.1 (inset).  The size of NH3 molecule (3.70 x 3.99 x 3.11 Å) allows it to 
penetrate through the 7.4 Å opening of zeolite Y into the supercages, and can interact 
with the intrazeolitic Ag
+
 ions. Transition metal ions, including Co
2+
, Cu
2+
, Zn
2+
 and Ag
+
 
are known to react with NH3 to form coordination complexes, and several of these 
systems have been studied within zeolites.
12–14
  With Co
2+
 and Cu
2+
 - exchanged zeolite 
Y, the reaction with NH3 has been exploited for ammonia separation.
13
 Exposure of Cu
2+
 
- zeolites to NH3 is proposed to result in the formation of Cu(NH3)4
2+
 complexes.
14
  
The chemistry of Ag
+
 with NH3 in solution is well known, resulting in a linear 
Ag(NH3)2
+
 complex. It is likely that Ag(NH3)2
+
 is also being formed in the zeolite under 
ambient conditions. Though our characterization methods, including XPS (Figure 4.4) 
and IR (Figure 4.5) do not allow us to determine the exact stoichiometry of the complex, 
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they do allow us to unequivocally conclude that NH3 is ligating to the Ag
+
 ions. The new 
bands observed upon introduction of NH3 in Ag-Y under ambient conditions at 3339, 
3270, 3183 and 1612 cm
-1
, and still observed when the NH3 is replaced with N2 (Figure 
4.5a) are characteristic of coordinated NH3,
15
 and bear resemblance to the infrared spectra 
of crystalline Ag(NH3)2. NO3 which exhibits bands due to the coordinated NH3 at 3180, 
3270, 3320 cm
-1
 (N - H stretch) and 1602, 1624 cm
-1
(shoulder peak)  (NH3 
deformation).
16,17
 Previous studies have observed bands between 1604 -1635 cm
-1 
with 
coordinated M
x+
 - NH3 species in zeolites, including with Pd
2+
,
15
 Cu
2+
,
18
 and Co
2+
.
19
 The 
IR frequency of 1612 cm
-1
 is indicative of a Lewis acid interaction, we are not observing 
any peaks due to Bronsted sites (NH4
+
), since multiple bands around 1400-1500 cm
-1
 
should have been observed.
18
  
The Ag 3d peaks in the XPS (Figure 4.4a) are indicative of Ag
+
,
20,21
 and do not show 
any changes with NH3. However,  in the N1S region, the new peak with a binding energy 
of 400.2 eV, is characteristic of coordinated NH3 with metal ions, including Ag
+
 and 
Pt
2+
.
22–24
  XPS studies on NH3 adsorbed on H-zeolite shows two bands at 401.2 and 402.7 
eV due to NH3 coordinated to Lewis and Bronsted sites, respectively.
25
 We do observe a 
weak peak at 403.2 eV, that could arise from interaction with residual –OH groups in the 
zeolite (though we do not observe bands due to the Bronsted acid interaction in the IR). 
Based on these IR and XPS data, we conclude that Ag
+
-NH3 bond is being formed 
under ambient conditions. The room temperature IR data (Figure 4.5a) shows that the 
NH3 is tightly held. However, in order to make an operational sensor based on this 
interaction, it is important that the Ag
+
-NH3 bond be disrupted once the NH3 is removed 
from the system. The IR data at 300 
o
C (Figure 4.5b) shows that 1612 cm
-1
 band 
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indicative of Ag
+
-NH3 bond formation is observed, but disappears in the absence of NH3. 
The change in Ag
+
 conductivity shown in Figures 4.3a and 4.7a in the presence of NH3
 
at 
300 
o
C is arising from this interaction. The impedance data in Figure 4.7a shows the 
effect of the NH3 very clearly. Throughout the temperature range of 100-450 
o
C, the 
impedance of Ag-Y in the presence of NH3 is lower than in its absence, indicating that 
the Ag
+
 - NH3 bond is formed in the presence of NH3 and disrupted in its absence. The 
largest change in impedance with the NH3 on and off occurs at 300-350 
o
C, and this is 
also evident from the sensor traces shown in Figure 4.7b.  
Temperature programmed desorption of other metal ions in zeolites exposed to NH3 
also indicate that metal-NH3 bond disruption occurs in the temperature range of 300-500 
o
C.
13,15,18,24
 Thus, for example, NH3 bonded to Cu
2+
 is lost beginning  at temperatures 
>300 
o
C, and the coordinated ammonia in Pd(NH3)4
2+
 all disappears above 380 
o
C. It is 
relevant to note that for the Na
+
 and H
+
 forms of zeolite, most of the NH3 is removed at 
temperatures < 300 
o
C.
18
 
Thus, our proposed model is that NH3 coordinates with Ag
+
 to form Ag(NH3)x
+
 at ~ 
300 
o
C,
26
 and results in changes in the impedance spectra due to altered Ag
+
 motion 
within the framework. There have been numerous studies of monovalent cation 
conductivity in zeolite Y.  Two processes are typically considered, a high frequency 
motion within a supercage and a low frequency cation hopping across supercages.
2
 The 
overlapping peak position of Mʺ/Mʺmax  in the absence and presence of NH3 (Figure 4.3c) 
indicates that the distribution of relaxation times is not dependent on NH3, suggesting that 
similar conduction mechanisms are occurring in both environments.
11
 With Cu
2+
 in 
zeolite X, and NH3 exposure, a copper amine complex covalently bonded to the zeolite 
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framework oxygen through the Cu
2+
 was proposed.
12
 EPR spectroscopy of highly-loaded 
Ag-zeolite A with NH3 indicates formation of dimeric Ag complexes with bridging 
NH3.
26
  Based on our results and previous studies we propose the hypothesis that the 
bonding of Ag
+ 
with NH3 weakens the Ag
+
 --- 
-
O – zeolite framework interaction and 
facilitates Ag
+
 hopping from one site to another, and can be correlated  with the decrease 
in Eact of Ag
+
 motion from 80.9 to 13.9 kJ/mole (Figure 4.3b). 
 
4.4.2. Consideration of autoreduction 
 
Though there is no doubt that Ag
+
 - NH3 interaction is taking place, however, there is 
another possibility that needs to be considered.  It is well known that Ag-Y can undergo 
autoreduction upon vacuum /reducing condition.
27
 This chemistry below 250 
o
C  is 
represented by
28
 
 
2Ag
+
  + 2 
- 
O – Z + H2O  → 2Ag
o
  + 2 Z-OH + ½ O2    (3) 
 
Above 250 
o
C, there is formation of Lewis-acid sites instead of Bronsted-acid sites. 
 
Since it is well known that H
+
 (from the Z-OH) can interact with NH3 resulting in 
impedance changes,
7
 it is necessary to evaluate the role of any Ag
+
 autoreduction 
chemistry in the present study. 
All reports in literature indicate that the autoreduction of Ag
+
 - zeolite does not occur 
in the presence of O2.
27,28
  All our studies were done in a background of O2 (~ 10-20%), 
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so under these conditions, autoreduction is unlikely.  Reduced silver species are colored, 
and in all our experiments, Ag-Y retained its white color. If significant levels of protons 
are generated, then NH3 should react with these protons to form NH4
+
, which should be 
evident in the IR.
18
  Unfortunately, the background in-situ DRIFTS data exhibited a peak 
between 1400 – 1500 cm-1 (Figure 4.5) for the Ag-Y sample in N2 prior to NH3 exposure, 
and thus the possibility of observing the NH3 – H
+ 
interaction was diminished.  Thus, we 
designed a transmission cell, but with the limitation that temperature could not exceed 
200 
o
C.  Activated Ag-Y zeolites prepared as described in the experimental section were 
transferred to the cell and then heated to 170 
o
C in presence of NH3.  Figure 4.12a shows 
the spectrum, there is a prominent band at 1619 cm
-1
, as observed in the DRIFTS 
experiment in the presence of NH3 (Figure 4.5), and weak bands at 1381 and 1482 cm
-1
, 
the latter band can be assigned to NH3 bonded to Bronsted acid sites, but clearly the 
dominating feature is the 1619 cm
-1
 band due to NH3 bound to Ag
+
. 
Based on reaction (3), for the autoreduction mechanism, Ag
o
 should be present in the 
zeolite.  The reported chemical shift in the XPS for the Ag3d peaks  between Ag
o
 and 
Ag
+
 are of the order of 0.3-0.5 eV, and possibly difficult to detect.
29
  So, under our 
experimental conditions, we reexamined Ag-Y and H2 – reduced Ag-Y, the latter sample 
being gray in color due to metallic silver. Figure 4.12b shows the XPS data, and clearly 
shows a shift upon Ag
+ 
reduction for the Ag 3d5/2 and 3d3/2 peaks from 369.2 and 375.2  
to 368. 8 and 374.6 eV, respectively. Thus, depending on the extent of Ag
+
 autoreduction 
from Eq. (3), we should be able to observe a difference, and as Figure 4.4a shows, we do 
not observe a difference between the parent Ag-Y sample, and the one exposed to NH3. 
For Ag
+ 
in low-silica zeolite X, upon autoreduction in vacuum, a 0.8 eV shift in the Ag 
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3d5/2 and 3d3/2 was noted, though with an increase in binding energy.
20
 Nevertheless, the 
point is that if autoreduction were occurring, we should have been able to observe 
changes in the XPS. 
Finally, if (3) were to occur, then the impedance change would be via the proton-
hopping Grothuss mechanism. Figure 4.12c compares the impedance change for H-Y and 
Ag-Y upon exposure to NH3 (300 
o
C and 1000 Hz), we find that the signal from the H-Y 
is negligible compared to the Ag-Y. Thus, based on all of this evidence, we conclude that 
reaction (3) i.e. the autoreduction of Ag
+
 is not playing a role in the present study, and the 
impedance changes we are observing in the presence of NH3 is not arising from Bronsted 
acid sites. 
As far as sensor performance, the following observations are relevant. The 
temperature range over which the sensor functions 250 – 350 oC is determined by the 
ability of the Ag
+
 to bond to NH3 in the presence of NH3 and for the bond to break upon 
NH3 removal.  The optimum temperature for this bond formation/breaking is between 
300-350 
o
C, and beyond 450 
o
C, the sensor will not be operational. The  best sensitivity 
was observed with highest level of Ag
+
 (Figure 4.6b, 0.1Ag-Y), since steric repulsions 
between cations can facilitate motion, as has been observed with alkali metal ions in  low 
Si/Al zeolites.
30
 The lowest concentration of NH3 that was reliably detected is about 10 
ppm at 300 
o
C with the 0.1Ag-Y (data now shown). The sensor is insensitive to 
interferences from CO, propane, CO2 and O2 (Figure 4.8), since none of these species 
coordinate to Ag ions. Nitric oxide shows minor interference (Figure 4.9), primarily 
increasing the baseline impedance. Humidity also exhibits interference, with a decrease 
in baseline impedance (Figure 4.10), though the response normalized to the baseline 
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impedance (defined as %R) to NH3 is comparable at the two different levels examined in 
this study.  Thus, for operation of this sensor, the background humidity needs to be 
maintained at a fixed value. Long-term stability of the sensor was tested over a 6-day 
period, as shown in Figure 4.11. There is a gradual drift towards higher baseline 
impedance values which stabilizes after 2 days. A possible explanation of this 
observation is that a small fraction of the adsorbed NH3 is not released upon turning off 
the NH3, and only gradually comes off at 300 
o
C, leading to drift. The infrared spectrum 
in Figure 4.5b shows that there are still some residual bands of NH in the N-H stretching 
region at 300 
o
C. Another possibility is the autoreduction of Ag
+
 to Ag
0
, as noted for Pt-
tetrammine which in vacuum at 400 
o
C forms Pt
o
 clusters.
31
 However, as discussed 
previously, we do not consider this pathway important, since Agx
n+
 clusters are unstable 
in O2 and revert back to Ag
+
 ions,
29
 and if this process was going on, then we would have 
noted interference between N2 and O2 as background gas (Figure 4.8d).  
 
4.5. Conclusions 
 
In comparison with previous sensor studies, the sensor reported in this chapter has 
comparable performance to the proton-based zeolite sensors, though the mechanism of 
impedance change arises from motion of the Ag
+
 ions and changes thereof in the 
presence of NH3. The impedance sensors based on siliceous H-ZSM-5 (Si/Al = 140) 
perform well, but since they use the mobility of protons, the sensors also exhibits 
interference to humidity and NO.
7
 It is important to note that Pt-doped Na-Y zeolite has 
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been reported to exhibit impedance changes upon exposure to NH3.
7
 Though the exact 
mechanism was not evaluated, it is well known that Pt forms ammine complexes, so there 
may be a parallel to the observations reported in the present study. 
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4.7. Tables 
 
Table 4.1. Silver analysis of Ag-Y samples determined by AAS.  
 
Sample  
Weight Percent (%)    
of silver in sample 
Formula* 
0.005Ag-Y 6.9% Ag11Na43(Al54Si138O384)223(H2O) 
0.01Ag-Y 13.3% Ag23Na31(Al54Si138O384)223(H2O) 
0.05Ag-Y 26.1% Ag51Na3(Al54Si138O384)223(H2O) 
0.1Ag-Y 27.2% Ag54(Al54Si138O384)223(H2O) 
 
 
*Determined from international zeolite association database adjusted for Si/Al ratio of 
zeolite 
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4.8. Figures  
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Figure 4.1. X-ray diffraction pattern of 0.1 Ag-Y (Ag
+
- exchanged zeolite Y).  The top 
left inset shows the crystallographic structure and cation sites in the zeolite-Y.  The top 
right inset shows SEM image of the Ag-Y particles. 
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Figure 4.2. Na-Y pellet in nitrogen and exposed to 300 ppm NH3 at 300 
o
C. a) Complex 
impedance (Argand plots) of Na-Y pellet in nitrogen and 300 ppm NH3. b) The plot of 
imaginary modulus vs. frequency for Na-Y in nitrogen and 300 ppm NH3.   
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Figure 4.3. Ag-Y pellet in nitrogen and exposed to 300 ppm NH3 at 300 
o
C. a) Complex 
impedance (Argand plots) of 0.1Ag-Y pellet in nitrogen and exposed to 300 ppm NH3 at 
300 
o
C, the top right inset is the activation energy for 0.1Ag-Y pellet in nitrogen (80.9 
kJ/Mol) and 300 ppm NH3 (13.9 kJ/Mol) in the range of 250 
o
C to 350
 o
C. The other inset 
is blowup of the Argand plot with NH3  b) The plot of imaginary modulus vs. frequency 
for Ag-Y in nitrogen and exposed to 300 ppm NH3 at 300
 oC. c) Plot of M”/M”max with 
ω/ωmax in nitrogen and exposed to 300 ppm NH3 at 300 
o
C. Note the y-scale on the 
Nyquist plots in 4.3a is - 6x10
4 
and the x axis is 1x10
5
 giving the appearance that the 
semicircle is distorted.   
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Figure 4.4. XPS spectra of silver and nitrogen for 0.1Ag-Y and 0.1Ag-Y adsorbed with 
NH3. a) Ag 3d region. b) N1s region. 
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Figure 4.5. In-situ diffuse reflectance IR spectra of 0.1Ag-Y before, during, and after 300 
ppm ammonia exposure in the range of 3800 cm
-1
 -3000 cm
-1
 and 1300 cm
-1
- 1800 cm
-1
 
for a) room temperature and b) 300 
o
C. 
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Figure 4.6. a) The elecrical impedance change for 0.1Ag-Y sensor in 150 ppm NH3 
balanced with 10% O2 and N2 at 300
 o
C with frequencies of 500Hz, 1000Hz and 2000Hz. 
b) the sensor response (R%) at different loading degrees of Ag-Y samples in 50, 100 and 
150 ppm ammonia in 10% O2 and N2 environment at 300
 o
C with 1000Hz. 
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Figure 4.7. a) The impedance recorded for 0.1Ag-Y sensor (during cooling) and 0.1Ag-Y 
sensor with pre-adsorbed NH3, (during heating) and 0.1Ag-Y sensor in 150 ppm 
ammonia (during cooling)  in 10% O2 and N2 and temperature range of 100 - 600°C at 
1000Hz. b) The impedance change of 0.1Ag-Y sensor to 100 ppm NH3 at three different 
temperatures in 10% O2 and N2 with 1000Hz. The inset table is the sensor’s response for 
100 ppm NH3 for different temperature.  
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Figure 4.8. The cross sensitivity for a) 1000 ppm propane, b) 1000 ppm CO, c) 6% CO2, 
and d) 3%, 5% and 10 % O2 gas during 100 ppm NH3 sensing for 0.1Ag-Y sensor in N2 
gas at 300 °C with 1000Hz. The arrows indicate when the interfering gas is introduced in 
the system, and OFF is when both the interfering gas and the NH3 were stopped.   
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Figure 4.9. The interference test of 0.1Ag-Y sensor in different NO concentrations 
during 100 ppm NH3 sensing at 300 °C in N2 environment with 1000Hz.  The inset shows 
the relative response of 100 ppm NH3 at each NO concentration (the average response is 
27.8±1.3%).  
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Figure 4.10. The impedance change of 0.1Ag-Y sensor for 100 ppm NH3 with various 
levels of H2O in the gas mixture which is balanced by N2 at 300 °C with 1000Hz. The 
inset table is the response of the sensor in different volumes of water environment.  
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Figure 4.11. Long term stability study of 0.1Ag-Y sensor for 150 ppm NH3 at 300 
o
C 
with 1000Hz in 10%O2 and N2 environment.  The inset plot shows the relative response 
on each day to 150 ppm NH3. (The average response for the last four day is 
39.5%±0.35%)  
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Figure 4.12. a) Transmission IR of dehydrated 0.1Ag-Y exposed to 240 ppm NH3 in 
10% O2 and a balance of N2 at 170 
o
C (baseline corrected) and b) XPS spectra of 0.1Ag-
Y reduced with 5% H2 (Ag-Y reduced) and dehydrated (Ag-Y unreduced). c) comparison 
of impedance changes of 0.1Ag-Y and 0.1H-Y (prepared by heating NH4-Y at 550 
o
C) 
with 150 ppm NH3 at 1000 Hz and 300 
o
C (background gas is 10% O2 and a balance of 
N2).   
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Appendix A. Sonochemical CuO as a Temperature Dependent NO or NO2 Selective 
Sensor 
 
A.1. Introduction 
 
The synthesis of a form of CuO that is more selective to NO or NO2, depending on the 
temperature, than commercially synthesized CuO is covered here. Its potential practical 
application is discussed. 
CuO is a p-type semiconducting material with many applications in the field of 
electrochemical gas detection. The most common p-type gas sensors that CuO has been 
used in are for NO2,
1–6
 CO,
4,7–9
 H2,
10–12
  and ethanol
6,12–17
 detection. CuO has also been 
used in the detection of NO and total NOx by Park et al,
18,19
 though not in as many 
literature sources as NO2. This is interesting because CuO has also been used as a NOx 
reduction catalyst in Selective Catalytic Reduction systems,
20,21
 so it is known that CuO 
has high activity for charge transfer with NOx species, not just NO2.  
The mechanism by which metal oxides ‘sense’ a gas is the subject of much debate, 
however there are general principles that apply to both of the prevailing models. 
5,22–29
 
Conduction  in CuO oxide, as in many other p-type oxides,
24
 is governed by defect 
chemistry. CuO is nonstoichiometric, having a structure of Cu1-δO,
10,12,30
 where the value 
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of delta is determined by the atmosphere and maximum temperature achieved during heat 
treatment.
10,30,31
 At lower heat treatment temperatures and higher levels of oxygen there 
is a higher degree of nonstoichiometry. Jeong and Choi found that at 900, 800, and 700 
o
C the values of nonstoichiometry (value of delta in Cu1-δO) were 1.34x10
-2
, 2.64x10
-2
, 
and 3.34x10
-2
, respectively, as determined by thermal gravimetry. Though a calculated 
value has not been reported, the trend indicates that there is a negative enthalpy 
associated with the formation of CuO defects.
10,12
 The value of δ approaches zero at 1000 
o
C.
30
 
The increased defects in CuO increase the concentration of holes in the crystal. Holes 
are generated by a Cu vacancy, or an excess of oxygen in the crystal structure. Using 
Kröger-Vink notation this relationship can be described
10
 in equation 1. In p-type sensors, 
holes are the primary charge carrier, so it is clear that Cu deficient CuO will exhibit p-
type behavior from equation 1. Conductivity could also be effected by the presence of 
impurities, Cu
+
, or Cu
3+
.
3,10,31–33 
However, without doping, Cu
+
 and Cu
3+
 have not been 
detected by XPS.
10,12,34,35
 In one instance Cu
+
 in in the range of 0.1 – 0.17% metal basis 
was detected in samples heated to 1000 
o
C in air.
36
 
 
𝐶𝑢𝑂 + δV𝐶𝑢
2− → 𝐶𝑢1−𝛿𝑂 + 2δℎ
+       (1) 
 
Conductometric CuO based sensors change resistance by interaction of an analyte gas 
either directly with the surface on metal centers if the oxygen vacancy model
27
 is correct 
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or with adsorbed surface oxanion species if the ionosorption
24
 model is correct. In either 
model, an electron donating gas such as NO will inject electrons into the surface layer of 
the CuO and the electrons will obliterate holes generated from Cu vacancies according to 
equation 2, resulting in an increase in resistance. An electron accepting gas such as NO2 
will accept additional electrons from the CuO surface, creating a conductive layer at the 
surface of the CuO that is rich in holes. 
 
𝑒− + ℎ+ → 𝑛𝑢𝑙𝑙         (2) 
 
SCR systems in diesel engines are designed to remove NOx, an environmental 
pollutant responsible for photochemical smog (equations 3 and 4) and acid rain  
(equations 5 and 6) from diesel exhaust. To remove NOx, mainly NO and NO2, is mixed 
with urea, an ammonia source, over a reduction catalyst. There is value in knowing how 
much ammonia should be mixed with NOx species in order to reduce the NOx species 
without introducing too much ammonia because it is also an environmental contaminant 
and any unreacted ammonia may go out the tail pipe. The amount of ammonia required to 
reduce NOx is based on the percentage of NO, NO2 or other NOx species present in the 
mixture according to equations 7 and 8, with twice as much required to reduce NO as 
NO2. Unreacted NO and NO2 are in constant equilibrium, with NO being more 
thermodynamically favored at high temperature, and NO2 more thermodynamically 
favored at low temperature according to equation 9. 
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𝑁𝑂2 + ℎ𝑣 → 𝑁𝑂 + 𝑂        (3) 
𝑂 + 𝑂2 → 𝑂3         (4) 
4𝑁𝑂 + 3𝑂2 + 2𝐻2𝑂 → 4𝐻𝑁𝑂3       (5) 
4𝑁𝑂2 + 2𝐻2𝑂 + 𝑂2 → 4𝐻𝑁𝑂3       (6) 
4𝑁𝑂 + 4𝑁𝐻3 + 𝑂2 → 4𝑁2 + 6𝐻2𝑂      (7) 
2𝑁𝑂2 + 4𝑁𝐻3 + 𝑂2 → 3𝑁2 + 6𝐻2𝑂      (8) 
2𝑁𝑂 + 𝑂2 ↔ 𝑁𝑂2         (9) 
  
The purpose of this work is to design a sensor that is selective to NO in a NOx mixture 
at one temperature and NO2 in a NOx at another temperature so that one component can 
be measured as accurately as possible in a gas stream where both NO and NO2 are 
present. Such a sensor could one day be useful for evaluating the components of NOx in 
order to determine appropriate urea/ammonia dosage for an SCR application. In this 
appendix we focus on the NO selectivity against NO2 of a sonochemically prepared CuO 
material under one set of conditions, and under another set of conditions selectivity for 
NO2 against NO. The material morphology is studied and the sensing/selection 
mechanism is considered in terms of thermodynamics of CuO defect formation, NO/NO2 
equilibration, and sensor phenomenology.   
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Ideally, a sonochemical CuO sensor would replace the less specific amperometric 
‘total NOx’ sensors commercially available for diesel engines such as the zirconia thick 
film based NGK sensor.
37
 Such sensors cannot determine how much of the ‘total NOx’ is 
NO, how much is NO2, or how much are other minor components like N2O and N2O2. 
The ability to determine how much of the NOx mixture was NO and how much was NO2
 
would allow better ammonia dosage for NOx obliteration and reduced ammonia slip 
based on equations 7 and 8. 
 
A.2. Experimental 
 
All experiments for this section were completed at The Ohio State University by the 
author of this dissertation. TEM images were collected by Bo Wang. 
 
A.2.1. Synthesis of CuO 
 
Sonochemical CuO synthesis was performed using a sonochemically-assisted 
precipitation reaction.
38
 Prior to using as a reaction vessel, all glass beakers were kept in 
a 0.5 M HCl bath. In a 100 mL beaker 0.11 g Cu(II)acetate monohydrate (Aldrich CAS# 
21-755-7) was dissolved in 15 mL ethanol and 35 mL H2O and stirred at 850 to 1050 rpm 
with a stir bar and stir plate at room temperature. After complete dissolution, 4.0 – 8.6 
mL 0.5 M NaOH was added drop wise with continued stirring. Afterwards 0.3-0.45 g 
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Cetyltrimethyl Ammonium Bromide (CTAB) (Aldrich CAS# 57-09-0) was added slowly 
in 6 scoops, waiting for previously added CTAB to dissolve before adding more. The stir 
bar was removed and the sample was sonicated with a Branson Sonifier 250 sonic horn 
for variable time on a constant duty cycle, output control set to 1 with an output reading 
of 40 (no units provided). During sonication, or sometimes slightly before, solution began 
to turn brown. The color was always dark brown by part way through the reaction. After 
reaction the sample was washed 3x in EtOH and 2x with H2O. A list of samples and 
reaction parameters is supplied in Table A.1. Sensing experiment data reported here was 
performed on sensors made from SonoCuO 7, SonoCuO 8, and SonoCuO 10. 
Washing was performed by adding all precipitate and solution to centrifuge tubes and 
then spinning down in a centrifuge tube for at least 30 minutes at 22,000 rpm in a 
Beckman Coulter Allegra 64R centrifuge. After centrifuge the supernatant was poured 
off, however a few drops of solution were maintained at the bottom each time to prevent 
loss of the smallest particles. Samples were resuspended in EtOH or H2O in between 
centrifugation by sonication in a Branson 3510 sonicator. Time it took to resuspend 
samples varied widely, however it was on the order of several minutes to an hour. After 
resuspension centrifugation was repeated for 3x EtOH washes and 2x H2O washes total. 
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A.2.2. Structural characterization 
 
Crystallinity and space group of CuO products was determined using a Bruker D8 
Advance XRD in flat plate mode. Product from one synthesis was usually on the order of 
30 mg, so a sample holder with a small sample volume made at the in house machine 
shop was used to view samples. Size and morphology was determined using an FEI Nova 
400 NanoSEM using a through lens detector at a voltage of 5 kV and a spot size of 3.0 
dp. TEM images were collected on an FEI Tecnai G2 Spirit TEM at 80 kV with lacey 
carbon grids. Brunauer–Emmett–Teller (BET) surface area analysis was performed on a 
Quantachrome Instruments Nova 2200e Surface Area and Pore Size Analyzer (sample 
was degased for at least 6 hours at 320 
o
C prior to data collection). 
 
A.2.3. Sensing experiments 
 
CuO was painted on to an alumina substrate with gold electrodes made by Makel 
engineering that had gold wires attached in house using gold ink. The makel substrate 
design and deposited CuO is shown in Figure A.1a and A.1b. Sonochemical CuO and 
commercial CuO (Aldrich CAS# 1318-38-0) were deposited in a slurry of α-terpineol. 
Prior to starting sensor experiments the sample was baked out to 320 
o
C or 500 
o
C 
depending on the sample unless otherwise noted. 
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For sensing experiments the CuO deposited on gold/alumina substrate was inside a 
custom made quartz probe and quartz tube sensing chamber, mounted in a Lindburg Blue 
tube furnace Type TF55035A. The CuO and substrate were connected through gold lead 
wires to an Agilent LXI data acquisition/switch unit. Gas flow in and out of the quartz 
sensing chamber was controlled by LabVIEW software made in house and Sierra Mass 
Flow Controllers (MFCs) calibrated using our own flow meter. The flow rate was held 
steady at 100 sccm for all sensing experiments. Pulses of NO, NO2, and known mixtures 
of the two were introduced in a step wise method, on or off, however due to gas mixing 
inside the tube it took on the order of a minute for gas concentration inside the sensing 
chamber to be approximately equal to the gas pumping out of the MFCs. 
Response was calculated from resistance using equations 10 and 11 where response is 
a measure of the change in resistance of the CuO upon interaction with NO or NO2, R is 
resistance, NO denotes a gas mixture in which NO concentration is greater than NO2 
concentration, NO2 denotes a gas mixture in which NO2 concentration is greater than NO 
concentration, reference indicates the resistance prior to introduction of analyte, and 
analyte indicates the dynamic resistance that changes over time with analyte 
concentration. The inversion between equations 10 and 11 is because electron donating 
gases like NO increase resistance and electron accepting gases like NO2 decrease 
resistance in p-type semiconductors.  
 
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝑅𝑎𝑛𝑎𝑙𝑦𝑡𝑒
𝑁𝑂
𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑁𝑂        (10) 
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𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝑅𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑁𝑂2
𝑅𝑎𝑛𝑎𝑙𝑦𝑡𝑒
𝑁𝑂2        (11) 
 
There were two types of sensor tests that were performed. In one test called the NO 
selectivity test, 300 ppm NO was pulsed over a sensor twice. Then increasing amounts 
68, 113, 180, and 225 ppm NO2, were pulsed in with the 300 ppm NO at the same time, 
also two pulses each. This test was repeated once in 10, 15, and 20% O2 with a balance of 
nitrogen. MFCs for NO and NO2 were both open and flowing or both closed at the same 
time to show real selectivity with both gases in the gas stream at the same time. The 
second type of sensor test, called the NO2 selectivity test, 450 ppm NO2 was pulsed over 
the sensor twice. Then increasing amounts of NO, 45, 75, 120, and 150 ppm, were pulsed 
in with the NO2, two pulses for each mixture. This test was also repeated at 10, 15, and 
20% O2.  
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A.3. Results 
 
A.3.1. Structural Investigations 
 
The crystallinity of the commercial and sonochemical CuO was investigated using 
XRD. As shown in Figure A.2a and A.2b, both materials are monoclinic with C2/c 
symmetry, (JCPDS, 41–0254). The crystallinity of the commercial CuO is excellent, 
while the unannealed as prepared sonochemical CuO has low crystallinity. Some of the 
observed weakness in the peaks may also be due to the use of a low sample volume 
holder for small products, which were typically ~30 mg/synthesis. Some peaks associated 
with monoclinic CuO were not observed due to the low intensity of observed peaks. No 
other peaks were observed for either commercial or sonochemical CuO. 
 The morphologies of the commercial and sonochemical CuO were very different 
both in terms of absolute size and dimension as shown in Figure A.3a and A.3b. The 
commercial CuO has a quasi-spherical shape and a grain size of 2-5 microns. The 
sonochemical CuO by comparison is a combination of mostly platelets with the 
occasional flower shaped dendrite. From the TEM of these dendrites shown in Figure 
A.3c, the length of the platelets are hundreds of nm, and made up of small 20-30 nm 
(long axis) rods. The sonochemical CuO had a surface area of 183 m
2
/g according to 
BET. The commercial CuO by comparison was 2.6 m
2
/g. 
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A.3.2. Sensing Experiments – Understanding CuO Response 
 
Many studies state that CuO has strong sensitivity to NOx 
1–6,18,19,39
. NO and NO2 were 
tested at different times as shown in Figure A.4. A baseline concentration of 10% O2 is 
established after which 150 ppm NO is flowed continuously into the sensing environment 
with a change in MFC configuration as indicated by an arrow and the word ‘ON’. When 
the MFC closes and NO ceases to flow, the MFC is OFF. Afterwards the CuO sensor is 
exposed to two more pulses of NO at 300 ppm, two pulses of NO2 at 100 ppm, and two 
pulses of NO2 at 200 ppm. This method of making two pulses into the sensing chamber 
and then switching to another gas mixture is common throughout this work. 
When the flow is switched to ‘ON’ for NO the resistance of the CuO on the gold 
electrodes is perturbed from its baseline and the resistance increases, eventually reaching 
a steady state. When the flow of NO is switched to ‘OFF,’ the resistance returns to the 
baseline value before switching to ON again. When switching NO2 to ‘ON’ the resistance 
decreases, but does not quite reach a steady state before switching back to ‘OFF.’  Again 
before switching from ‘OFF’ to ‘ON’ the sensor baseline only mostly recovers over 20 
minutes. This indicates that for both response and recovery the kinetics between NO and 
the surface of the CuO are faster than for NO2.   
From Figure A.4 it was determined that response to NO at 300 
o
C, a common 
temperature for metal oxide sensor testing, was similar to response to NO2 in the opposite 
direction. The resistance increase upon exposure to a donating gas such as NO and 
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resistance decrease upon exposure to an accepting gas such as NO2 for p-type CuO is 
well documented in the literature.
4,12,30–32,40
 As shown a sensor response of 1.23 can be 
obtained from the resistance data for 150 ppm NO exposure using equation 10 and a 
response of 1.22 can be obtained from resistance data for 200 ppm NO2 using equation 
11. This indicates a small selectivity factor to NO over NO2 of 1.33 (33% more NO2 
required to give the same response). 
 
A.3.3. Sensing Experiments – Selectivity Studies 
 
Figure A.5a shows sensor data of sonochemically and commercially created CuO in 
absolute resistance. Two pulses of 300 ppm NO were introduced into the sensor 
environment. Dotted lines separate one set of double pulses from the next. Subsequently, 
double pulses of 300 ppm NO with increasing concentrations of NO2, 68 ppm, 113 ppm, 
180 ppm, and 225 ppm NO2, were introduced into the sensing environment. Each time an 
increase in resistance from baseline was observed, with a lesser increase in resistance 
observed as the concentration of NO2 increased. After the completion of these ten pulses 
in 10% O2 the pulse pattern was repeated in 15% and 20% O2. The resistance of 
sonochemical CuO was in this case was higher, despite the two samples spanning the 
same distance of 4 digits on the substrate. Film resistance was found to be highly variable 
from sample to sample and is dependent on the amount of material deposited, which 
could not be rigorously standardized in the hand painting method. More reliable as a 
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method of comparison is the response of the material, shown in Figure A.2b, which was 
not variable based on the paint thickness or absolute quantity.  
From A.5b the baseline value taken to measure response was the value of the 
resistance of CuO prior to introduction of any NOx species at 10% O2.  Disregarding the 
first pulse at any new oxygen concentration which is anomalous due to issues with the 
MFCs, it was found that sonochemical CuO has faster recovery time, responds about 
38% stronger, and experienced 54% less baseline drift over the course of NO/NO2 
pulsing and changing oxygen concentration from 10% to 20%.  
In Figure A.5c the final set of pulses at 20% O2 is displayed and baseline response is 
redefined as the baseline after experiments at 10% and 15%, but before 20%. It was 
determined that sonochemical CuO maintained 86% (lost 14%) of signal response to 300 
ppm NO when introducing 150 ppm NO2, whereas commercial CuO maintained 79% 
(lost 21%), corresponding to a 50% increase in selectivity to CuO taking commercial 
CuO as a baseline. This is a substantial improvement and is the key result of this chapter. 
Unlike increases in response increase in selectivity, cannot be explained by superior 
morphology in sonochemical CuO, however this will be discussed more later. In addition 
wandering baseline, in part caused by poor recovery time for commercial CuO, may 
artificially inflate the calculated selectivity for commercial CuO, indicating that the actual 
improvement for sonochemical CuO is greater than calculated.  
For both commercial and sonochemical CuO response time was limited only by the 
dilution time of the sensing environment. In Figure A.5d it is shown that in the first 20 
seconds the sensor response is 73% of full response, however this rate is limited by the 
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dilution time of the quartz tube the sensor sits in (~200 mL), and the flow rate of 100 
mL/minute, which requires several turn overs to reach 98% concentration of the new gas 
pulse from the MFC. Recovery time was longer, requiring 9 minutes in sonochemical 
CuO and 18 minutes for commercial to reach 90% of full recovery to baseline.  Taking 
information from Figure A.5b-d it is evident that sonochemical CuO at 300 
o
C is more 
selective, sensitive, has a more stable baseline, and faster recovery kinetics.  
A similar experiment to the NO selectivity experiment was performed for NO2. Two 
pulses of 450 ppm NO2 were introduced into the sensor environment. Dotted lines 
separate one set of double pulses from the next. Subsequently, double pulses of 450 ppm 
NO2 with increasing concentrations of NO, 45 ppm, 75 ppm, 120 ppm, and 150 ppm NO, 
were introduced into the sensing environment. This experiment was also conducted at 
300 
o
C and is shown in Figure A.6a in units of resistance. It is clear that NO2 and NO 
signals strongly compete with one another and that baseline resistance stability is poor. 
The NO2 decreases resistance and NO competes to increase resistance. At 10% O2 120 
ppm NO in 300 ppm NO2 actually leads to a slight increase in resistance, which is further 
increased for 150 ppm NO. Commercial CuO resistance never increased beyond baseline 
resistance even up to 150 ppm NO. This phenomenon is perhaps more clear in Figure 
A.6b in the response traces. A response below 1.0 indicates that the NO response 
overcame the NO2 response. Recall that equation 11 dictates that response is defined as 
Rair/Ranalyte, so if Ranalyte is larger due to greater effect of NO, the value of response will be 
less than one. Based on the response characteristics to NOx, CuO should not be used to 
selectively detect NO2 at 300 
o
C. 
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The NO2 selectivity experiment was performed at 400 
o
C as well. The results of this 
experiment at 400 
o
C at three different oxygen concentrations are shown in Figure A.7. 
Figure A.7a shows the changes in resistance of sonochemical and commercial CuO 
during this program. In this case the sonochemical CuO resistance is considerably higher 
than the commercial CuO. Figure A.7b shows the same data plotted as response where 
the baseline is taken as resistance prior to introduction of any NOx species at 10% O2. 
Response is defined as Rair/Ranalyte according to equation 4 when the introduction of 
analyte gas results in a loss of resistance, which is why the response is positive, despite a 
loss in resistance upon exposure of the CuO to NO2. 
 For 10% O2, the concentration of oxygen most like that found in the exhaust of a 
diesel engine, the maintained response to 450 ppm NO2 after introducing 150 ppm NO 
was 76% of original signal. For the commercial only 53% was maintained for 10% O2. 
This can more easily be seen in Figure A.7c. Recovery characteristics were similarly 
better. Overall response was lower, than for responses at 300 
o
C, reflecting decreased 
interaction with gas phase at higher temperatures. At higher concentrations of oxygen the 
interference from NO becomes worse, especially for commercial CuO, perhaps indicating 
that lower levels of oxygen are more desirable for selectively detecting NO2 in the 
presence of NO with p-type CuO. From Figure A.6d where one pulse at the beginning of 
NO2 sensing for 10% O2 it can be seen that response time is no longer limited by the 
dilution of the system. For 90% response sonochemical CuO takes 8 minutes and 
commercial CuO takes 12 minutes. For 90% recovery sonochemical CuO takes 19 
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minutes and commercial CuO does not recover 90% in the 30 minute pulse prior to 
introduction of a new pulse.  
To show how NO2 is selected for at 400 
o
C the concentrations of NO and NO2 were 
switched in a subsequent experiment. The gas mixtures used to obtain this trace are the 
same as those used in Figure A.6. It can be seen from Figure A.8 that NO is poorly 
selected for when up to 225 ppm NO2 is pulsed in with 300 ppm NO at 400 
o
C. Figure 
A.8a shows the resistance values and b) shows relative responses. Sonochemical CuO 
loses 60% of response when 225 ppm NO2 is pulsed with NO whereas commercial CuO 
loses 70% signal. This indicates that at 400 
o
C CuO should not be used for sensing 
experiments that require detection of NO in a background of NO2.  
It is notable that at these higher temperatures the response is lower and the kinetics are 
slower than for NO experiments run at 300 
o
C, indicating that a lower temperature is 
better for sensing. Figure A.9 further illustrates this by showing a) NO2 selection and b) 
NO selection experiments at different oxygen concentrations at 500 
o
C after annealing for 
2 hours at 550 
o
C. It is apparent that response characteristics are very poor, in line with 
literature that states that above 400 
o
C CuO becomes more intrinsic, not affected by 
gaseous environment.
4
   
After extensive operation at 400 
o
C, upon returning to 300 
o
C, sensors made from 
sonochemical or commercial CuO exhibit negligible if any selectivity to NO. In 
particular the sonochemical CuO selectivity against NO2 is damaged as seen in Figure 
A.10. Prior to annealing at  500 
o
C and operating at 400 
o
C continuously for several days, 
sonochemical CuO would lose only 14% signal to 300 ppm NO when 150 ppm NO2 was 
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introduced into the sensor chamber.  After continuous operation at 400 
o
C introduction of 
225 ppm NO2 to 300 ppm NO resulted in loss of 74% of signal. This loss is noted despite 
in overall increase in response to NO, likely due to an increase in crystallinity. Improved 
crystallinity has been observed to increase response in other CuO systems in response to 
other donating gases.
12
 Commercial CuO was also affected; however changes in 
selectivity could not be estimated because recovery kinetics became so poor. Response 
increase for commercial CuO was much smaller, corroborating XRD pattern data in 
Figure A.2a indicating that it was already very well crystallized. By comparison, 
sonochemical samples heated to lower temperatures remained poorly crystalline. Figure 
A.10 shows that sonochemically fabricated CuO remains poorly crystalline even when 
annealed up to 500 
o
C for two hours and then 400 
o
C for 16 hours. The lack of a strong 
increase in reflection strength indicates that sonochemical CuO remains poorly crystalline 
even up to 2 hour long treatments at 500 
o
C.  
The selectivity results for different sensing experiments at different temperatures and 
annealing conditions are summarized in Table A.2. It can clearly be seen from the NO 
and NO2 tests at 300 
o
C and 400 
o
C that at 300 
o
C the sensor is more selective for NO 
than NO2 and at 400 
o
C the sensor is more selective for NO2 than NO. In addition, high 
temperatures degrade the ability of CuO to selectively detect NO selectively at 300 
o
C 
and NO2 selectively at 400 
o
C. Sonochemically synthesized CuO was always more 
selective than the commercial CuO, however the selectivity to NO of both materials at 
300 
o
C could be damaged by annealing at higher temperatures.   
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A.4. Discussion 
 
For different lean burn and diesel engines, the potential range of total NOx is 100 – 
1000 ppm.
41
 It is therefore important to understand the concentration range where the 
sensor can selectively detect components of a NOx mixture. Figure A.11 shows the a) 
sensor trace and b) response characteristics of sonochemical CuO to different NOx 
mixtures containing up to 20% of NO concentration in NO2 concentration at 300 
o
C 
where NO concentrations went up to 667 ppm and total NOx concentrations were up to 
800 ppm. The response is calculated using equation 10. After adding 20% NO2 (133 
ppm) to 667 ppm NO, the response of 1.398 was 92.3% of the original response of 1.431. 
 The same is done for NO2 in Figure A.12 using equation 11. The sensor trace in a) 
reveals that the resistance change is in the opposite direction. This is expected because 
NO2 is an oxidizing gas. The response characteristics shown in b) are positive however 
because response is conventionally defined as greater than 1, hence the use of equation 
11 to show response. After adding 20% NO concentration, the response of 1.0448 was 
82% for 667 ppm NO2, the maximum amount tested. Similar percentages of just over 
80% sustained signal were obtained for lesser concentrations. Given that NO 
concentrations were ~20% of NO2 concentrations this indicates that at 400 
o
C the loses 
due to NO are approximately representative of their relative concentrations, which is still 
an improvement compared to commercial CuO in Figure A.7 where most of the signal is 
lost due to mixing gases.  
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Total NOx was cut off at 800 ppm rather than 1,000 ppm in experiments, the 
maximum NOx concentration that may be present in lean burn and diesel exhaust in 
modern engines, due to constraints in the gas mixtures available. While the response is 
not linear, it is clear that the signal for none of the NOx mixtures in either Figure A.11 or 
A.12 become saturated. Approximation of linearity, response, and selectivity are clearly 
better for NO at 300 
o
C than for NO2 at 400 
o
C. The choice of 10% and 20% NO2 as a 
percentage of NO concentration in Figure A.11 was chosen because this is a very typical 
approximate NOx mixture in an engine. The choice of 10% and 20% NO as a percentage 
of NO2 concentration in Figure A.12 was to perform a similar experiment as shown in 
Figure A.11, but for NO2. Diesel engines can however have NO and NO2 mixtures that 
are in between that of the 10:2 NO:NO2 and 2:10 NO:NO2 so future work may include 
taking a measuring a greater variety of NOx mixtures with a range of gas tanks then can 
span the 100 - 1000 ppm total NOx range associated with lean burn and diesel engines. 
With one sensor operating at 300 
o
C to measure NO and one operating at 400 
o
C at NO2, 
components of a NOx mixture could be directly measured. This would be a distinct 
advantage over sensors such as the thick film ZrO2 technology used by NGK to detect 
total NOx.
37
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A.5. Conclusions 
 
Sonochemically fabricated CuO exhibits greater selectivity to NO at 300 
o
C than 
commercial CuO and greater selectivity to NO2 at 400 
o
C than commercial CuO. Other 
improvements in sensitivity, response time, and baseline stability were also observed. 
The sonochemical CuO sensor is more selective to NO at 300 
o
C with 92.3% signal 
maintained when 20% NO2 was added to the system at 667 ppm. Sonochemical CuO was 
also more sensitive to NO2 at 400 
o
C than commercial CuO. Concentrations of known 
mixtures of NOx as low as 100 ppm and up to 800 ppm total NOx were tested without 
sensor saturation. This range constitutes most of the range of total NOx concentrations in 
diesel and other lean burn engines.  
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A.7. Tables 
 
Table A.1. Parameters from Sonochemical synthesis of CuO. 
Sample NaOH (mL) CTAB (g) Sonics time (min.) 
SonoCuO 1 8.0 0.30 45 
SonoCuO 2 8.0 0.30 45 
SonoCuO 3 8.5 0.30 45 
SonoCuO 4 8.0 0.30 46 
SonoCuO 5 8.1 0.30 45 
SonoCuO 6 8.6 0.45 108 
SonoCuO 7 4.0 0.30 45 
SonoCuO 8 4.0 0.45 45 
SonoCuO 9 8.0 0.30 45 
SonoCuO 10 8.0 0.30 45 
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Table A.2. Shows favorable and unfavorable operating conditions for sonochemical and 
commercial CuO. 
 Favored conditions Unfavorable conditions 
Sample type Operating 
temp. 300 
o
C 
annealed 320 
o
C 
Operating 
temp. 400 
o
C 
annealed 500 
o
C 
Operating 
temp. 300 
o
C 
annealed 320 
o
C 
Operating 
temp. 400 
o
C 
annealed 500 
o
C 
Sonochemical 
CuO 
NO 
selection
a 
86% 
maintained 
NO2 
selection
b
 
76% 
maintained   
NO2 
selection
b
 
uncalculated 
NO 
selection
a 
40% 
maintained 
Commercial 
CuO 
NO 
selection
a 
79% 
maintained 
NO2 
selection
b
 
53% 
maintained 
NO2 
selection
b
 
uncalculated 
NO 
selection
a 
30% 
maintained 
a
 Refers to an experiment where 300 ppm NO was pulsed with concentrations of NO2 
ranging from 0 - 225 ppm. 
b
 Refers to an experiment where 450 ppm NO2 was pulsed with concentrations of NO 
ranging from 0 - 150 ppm. 
The difference in concentration range between the two experiments is due to the 
concentrations of NO or NO2 species available in available gas tanks. If a response is 
uncalculated it is because the baseline is not steady enough for a calculated change in 
response to reliable. 
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A.8. Figures 
 
 
 
             
Figure A.1. Shows how a sensor is made from a Makel substrate. In a) a bare substrate is 
shown where the substrate material is dense alumina and the gold traces are shown. In b) 
sonochemical and commercial CuO were deposited over top of the traces and then tested 
at the same time with the same conditions. 
 
  
b) a) 
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Figure A.2. Two different diffraction patterns for commercial CuO a), and a pattern for 
sonochemical CuO b) match JCPDS file(45-0937) for monoclinic CuO. In the 
sonochemical CuO the 110, -112, and 112 peaks are not observed above the noise floor. 
The low intensity of the peaks and high noise floor in a) is due largely to a small sample 
size (typical yield was ~30 mg) and interference from the plastic holder that the CuO 
sample is held in. 
  
a) b) 
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Figure A.3. SEM of a) commercial CuO and b) sonochemical CuO. In c) is a TEM 
image of sonochemical CuO. The inset is a close up of a small cluster of rods. 
Commercial CuO is large grains 2-5 μm with some smaller grains on the surface of the 
larger grains. The sonochemical CuO is low aspect ratio rods on the scale of 5-10 nm 
with a platelet heterostructure. 
  
a) 
5 um 1 um 
100 nm 
c) 100 nm 
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Figure A.4. Early work, pulses of NO and NO2 show opposite response on commercial 
CuO on Makel substrate at 300 
o
C in 10% O2 balance N2. On indicates that the MFC 
connected to a specific analyte gas opens, exposing the sensor to gas of the listed type 
and concentration in ppm. Off indicates that the MFC closed. Donating NO increases 
resistance by obliterating holes in hole accumulation layer with injected electrons. 
Accepting NO2 increases hole accumulation by accepting electrons, increasing 
concentration of holes at CuO surface. 
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Figure A.5. Shows sensor traces of sonochemical CuO and commercial CuO exposed to 
different pulses of NO and NO2 mixtures (majority NO) at 300 
o
C in 10% O2 after 
annealing for 6 hours at 320 
o
C. In a) the raw sensing data is plotted. In b) the sensing 
data is replotted using response with R=1 equal to the baseline at 10% O2 before any 
analyte introduction. In c) the final set of pulses of 20% is displayed and 1.0 response is 
redefined as the basline after experiments at 10% and 15%, but before 20%. In d) one 
pulse is shown at the start of the 10 pulse series at 20% O2. 
  
a) b) 
c) d) 
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Figure A.6. Shows sensor traces of sonochemical CuO and commercial CuO exposed to 
different pulses of NO and NO2 mixtures (majority NO2) at 300 
o
C. In a) the resistance 
change is shown and in b) the response is shown. At 300 
o
C CuO does not select well for 
NO2. 
  
a) b) 
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Figure A.7. Shows sensor traces of sonochemical CuO and commercial CuO exposed to 
different pulses of NO and NO2 mixtures (majority NO2) at 400 
o
C. In a) the raw sensor 
data is shown. In b) the resistivity data is converted to response data, taking 1.0 to be the 
baseline value at 10% O2 before introduction of any analyte. In c the 10% O2 data is 
focused on to show relative response at different NO2 concentrations and d) shows one 
pulse to show kinetic information. 
  
a) b) 
c) d) 
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Figure A.8. Shows sensor traces of sonochemical CuO and commercial CuO exposed to 
different pulses of NO and NO2 mixtures (majority NO) at 400 
o
C. In a) the resistance 
change is shown and in b) the response is shown. At 400 
o
C CuO does not select well for 
NO. 
  
a) b) 
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Figure A.9. Sonochemical CuO 500 
o
C after 12 hour anneal at 550C on Makel substrate. 
Selectivity is a) very poor for NO2 and b) extremely poor for NO. High temperatures 
damage selectivity and sensitivity. 
  
a) b) 
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Figure A.10. XRD of two main peaks in capillary mode. The samples are for 
sonochemical samples that are unannealed, annealed at 320 
o
C then run at 300 
o
C 
continuously, and annealed at 500 
o
C, then run at 400 
o
C continuously (details in Table 
A.2).  The peak at 34.6 is the 002 reflection and at 38.5 is the 111 reflection. 
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Figure A.11. In a) the response of a sonochemical CuO sensor to pulses of NO with up to 
20% relative NO2 in the range of 100 to 667 ppm NO is shown, with three sensor pulses 
per NOx mixture. In b) the response based on equation 10 with the standard deviation also 
plotted is shown. The first pulse in the first trace is discarded. 
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Figure A.12. In a) the response of a sonochemical CuO sensor to pulses of NO2 with up 
to 20% relative NO in the range of 100 to 667 ppm NO2 is shown, with three sensor 
pulses per NOx mixture. In b) the response based on equation 11 with the standard 
deviation also plotted is shown. 
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Appendix B: Supporting Information for Chapter 3 
 
B.1 Blow by Blow Break Down of Si Cleaning 
 
NOTE: Bonding samples even in a class 100 clean room is difficult. Getting samples to 
even stick lightly to one another, not to mention bond well, takes a lot of practice. It is the 
hope of the author that anyone who is following up in this project read this section 
carefully. This guide is to show how much care should go into preparing samples for 
bonding, rather than exactly how and in what order sample preparation should occur. One 
stray particle on a tweezer that transfers to the sample bonding interface is plenty to ruin 
a sample and prevent good bonding. Steps within this guide have been added, removed, 
and rearranged as detailed in the dissertation main body, Chapter 3. 
 
The method is designed to incrementally increase cleanliness as the steps go on.  If a 
sample is said to be “dried” it is sprayed with an N2 gun for several seconds until visually 
dried. 
Samples are removed from Marek’s sample stands using Teflon tweezers.  These 
samples are then set on a clean room paper napkin with the resist side down.  If the 
samples have tape instead of resist, the tape side is facing up.  The samples are then 
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transferred to a class 100 room, blown dry with an N2 gun, tape is removed if present and 
then placed in a beaker of surfactant, 200 mL water and 2 drops triton X-100 and placed 
in a sonicator. The samples were allowed to sit for at least 5 minutes prior to removing 
and rinsing. The tweezers are N2 gunned, rinsed, and N2 gunned again prior to touching 
the samples. (The sonicator used in this study was very old and very weak, newer 
sonicators have destroyed the microstructure on the reference die. If very light sonics are 
not available, skip sonication step and just let sit in triton solution) 
Each sample is sprayed with a spray bottle of acetone to remove resist making sure to 
get the back and edges, spending several seconds at least with acetone and then N2 
gunned. The sample is set down with the non-bond interface side down on a new clean 
paper napkin.  From this point the sample is never laid on its bonding side. The tweezers 
are then cleaned with acetone and N2 gunned.  The sample is then picked up on the 
opposite end where there is no resist coating and the end that was previously holding the 
resist coated side is also sprayed with acetone for several seconds.  N2 gunned.  Any of 
these steps may be repeated if any resist is still present, especially where sample was 
previously held by the tweezers.  Without setting down the sample, the sample is then 
sprayed in the same fashion with isopropyl alcohol (IPA) and dried.  The sample is then 
set down on its back, the tweezers are sprayed with IPA and dried.  The sample is then 
picked up from the other end and repeated as with the acetone treatment.  This is repeated 
individually with every sample. The newly solvent cleaned samples are placed on a fresh 
paper napkin.  At this point most gross particles should be gone from the sonication step 
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and the resist removal with acetone.  The acetone film is then removed by the IPA.  There 
are remaining organics and electrostatically bound particles still remaining.  
These samples are then moved out of the 100 rated room, through the 1000 rated 
hallway, and on to another 100 rated room.  From here the samples stay in the same room 
until they are bonded hydrophilically.  Before moving the samples the tweezers are rinsed 
and dried.  After the solvent clean it becomes important to not bend over the samples as 
this can lead to new particle deposition. 
Cleanroom cloths (not paper napkins, the particle count is too high) are folded into 
quarters and the edges are held between my thumb and fore finger.  These cloths are 
wetted with water (only DI is ever used) and wiped in one direction across the entirety of 
the bench, sometimes changing cloth napkins as I go, moving from cleanest to dirties 
areas.  The hot plates used for piranha SC1 are also wiped down by the same method, as 
are the thermocouples to measure solution bath temperature and the accompanying 
displaying device. The bench is reserved so as to not be contaminated by other peoples 
samples.  The samples cleaned by solvents are placed on a cloth sitting on the cleaned 
bench on their backs (non-bonding surface. Glassware that only I ever use are brought 
out to the bench and only set on clean cloths.  From this point no paper napkins are used.   
The glassware is triple rinsed prior to starting the piranha clean. 
3:1 H2SO4:H2O2 is brought to 120 
o
C and before adding sample in a Teflon basket. 
Always add H2O2 prior to beging heating. Adding H2O2 after heating sulfuric acid will 
result in extremely violent and exothermic reaction. The sample is placed in the Teflon 
sample holder described in Appendix B.2 and then into a Teflon basket for secondary 
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containment. The sample is allowed to sit in the solution for 10 minutes before removing, 
the sample basket and all. The sample and basket are then rinsed thoroughly with DI 
water. 5:1 H2O to NH4OH is brought to 70 C and then H2O2 is added to make a solution 
that is 5:1:1.  10 minutes after reaching 70 
o
C the SC1 is ready. This solution should be 
started and heated when the piranha is readying and it will be ready shortly before the 
piranha cleaning step is done. After SC1 and thorough rinsing, remove the sample with 
tweezers that have been rinsed and dried very recently. Remember to never set tweezers 
down on anything but a cleanroom cloth.   
From this point it is crucial to get samples as dry as possible before setting them 
down. Particles on the back of the sample when wet can migrate to the front. In later 
stages of the study samples were set on a Teflon stand to prevent touching even a 
cleanroom cloth.  Samples are blown dry at the bonding surface and after enough time 
drying this way the back will also be dried. Pick the sample up from the open edge of the 
holder and blow dry the holder. Then blow dry the sample except under the tweezer then 
place it back on the holder. Blow the sample dry under where the tweezer was. Repeat all 
steps if necessary to make sure it’s dry. Don’t put sample down on cleanroom napkin 
unless necessary. Blowing enough on the top and sides will eventually dry the back.  
Head over to the plasma etcher. 
The plasma etcher is cleaned on high power (~130 - 200 watts) and 150 mbar O2 for 
at least 20 minutes prior my using it.  The power is turned down to 100-103 watts and the 
O2 to 80-83 mbar.  The samples are placed inside by clean and dry tweezers and run for 
30 s. 
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The plasma etcher is opened and one sample is removed and brought to the bench.  It 
is rinsed with water from an H2O gun.  The sample is dried and set down in the bonding 
holder described in Appendix B.3 in the corner of the elbow. Make sure to place the 
holder on a folded clean room wipe such that the elbow corner is slightly lower to better 
hold a sample.  The tweezers are then dried Direct N2 only at the bonding surface, as in 
the previous drying step; the back side will eventually dry as well.  The other half of this 
sample is then taken out of the etcher and the rinsing and drying is repeated on it.  No 
sample is ever laid on its bonding side.  The sample is then picked up and turned over in 
the tweezers.  The back edges are lined up using the back of my finger on one hand, with 
approximately a 45 degree angle made between the top and bottom sample.  The top 
samples is then brought down and contacted, steering again with a finger on the side 
edge. It is best to line this up as best as possible, once the sample interfaces contact, they 
may set immediately. In addition, shearing the samples across one another to line up the 
sample after already laying them atop one another may remove material from the YSZ 
film and contaminate the bonding interface, making bonding difficult or impossible.  This 
is done with clean and dry gloves and the sample surface is never touched except where 
necessary with the tweezer. It is best to grab the sample with the tweezer where it was 
picked up from the sample holder using in etching solutions. After the samples are 
contacted the tweezer is placed on the top of the sandwich and pressed in the middle.  
Then the tweezers are tapped on the center to aid contact. Wait a few seconds after initial 
contact to do this.  This sandwich is then set aside on a clean cloth.     
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Samples are then moved to the embosser in the clean room for further aging under 
pressure if required for that sample type. Aging is under 50 
o
C and 5 MPa for 12 hours 
and then increased temperature to 300 for 2 hours before going back to room 
temperature. Pressure is maintained until temperature drops back below 180 
o
C. Final 
annealing may be done in a non-clean room environment. At the time of writing, the 
chosen annealing temperature and environment was a 10 
o
C/min ramp rate to 600 
o
C, 
dwell for 30 minutes, then natural cooling. The final annealing steps were all performed 
in 5% H2 with a balance of N2. 
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B.2. Sample Holder 
 
  
 
Figure B.1. The Teflon sample used for holding samples during piranha, BOE, and SC1, 
steps is shown. The solutions submerge the entire sample. A Teflon basket is used as 
secondary containment in case the sample falls out. In a) and b) the holder is shown from 
two different angles. In c) the holder is shown with a sample sitting in it. 
a) b) 
c) 
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Figure B.2. The dimensions of the holder from one angle are shown. 
Angle is 
approximately 
19.1 degrees 
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Figure B.3. The dimensions of the holder from the back angle are shown. 
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Figure B.4. The dimensions of the holder from another angle are shown. 
  
Angle is 
approximately 
19.1 degrees 
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Figure B.5. The dimensions of the holder from another angle are shown. 
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Figure B.6. The dimensions of the holder from the underside are shown. 
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B.3. Bonder Holder 
 
 
Figure B.7. Bonding holder with no sample present. The custom holder is made of 
Teflon and simply restricts two degrees of freedom when placing samples on it to bond. 
The holder should be placed such that elbow corner, marked with an asterix, is slightly 
below the other corners. 
* 
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Figure B.8. Bonding holder with reference die sample positioned for bonding.  
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Figure B.9. Bonding holder with bonded sample.  
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B.4. KOH Holder 1.0 Images 
 
 
 
Figure B.10. KOH holder a) disassembled with etched sample and b) assembled with 
etched sample inside. The green sample is 20 x 30 mm for size reference. 
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Figure B.11. KOH holder cross cut side view. Arrows indicate the location of size 22 and 
size 30 1/16
th
 inch Teflon orings. 
  
235 
 
 
 
 
Figure B.12. KOH bottom holder. 
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Figure B.13. KOH top holder over side. Teflon screws and washers were also made to fit 
the top and bottom plates together. 
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Figure B.14. KOH top holder under side. O-rings are indicated by the two rectangles 
with cut corners. The o-ring sizes are 22 and 30 1/16
th
 in. sizes. The sample fits in the 
small 1.03 mm depression. The length and width of the depression, as well as the sides of 
the o-ring discluding the cut corners were 24 mm and 34 mm. In the .dwg file (autocad) 
developed by Larry Antal the cut corners are actually rounded.  
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B.5. KOH Holder 1.1 Images 
 
 
 
Figure B.15. KOH holder 1.1 image. Works exactly the same as the last holder, however 
the etch well has been broken into 6 smaller ones to protect the electrodes from KOH. In 
a) applicators made of Teflon and stainless steel are also shown, along with holder and 
screws in. These can be used to apply wax to the underside of the top holder piece to help 
seal the sample to the holder. The b) inside/underside of the top piece of the sample 
holder is shown and the sample fits inside the dashed square. In c) the outside/topside of 
the top piece of the sample holder in shown.  
a) 
b) c) 
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Figure B.16. KOH holder cross cut side view. Arrows indicate the location of size 22 and 
size 30 1/16
th
 inch Teflon orings. 
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Figure B.17. KOH bottom holder. 
  
241 
 
 
 
 
 
Figure B.18. KOH top piece of holder. Teflon screws and washers were also made to fit 
the top and bottom plates together. Center of holder details not shown. See Figure B.2.5. 
for center 24 x 34 mm. 
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Figure B.19. KOH top holder center 24 x 34 mm design. White squares are the etch 
wells and they go all the way through the Teflon. The rectangle with cut edges is the 
center of the o-ring groove. 
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